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ABSTRACT

This thesis deals with the mechanics of the Intra-Aortic Balloon Pump
(IABP), the most widely used temporary cardiac assist device, whose beneficial
action is based on the principle of counterpulsation.

The investigation is carried out in vitro in increasingly more realistic
setups, including a mock circulatory system with physiological distribution of
peripheral resistance and compliance in which IABP counterpulsation was
simulated.

Pressure and flow measurements show the effect of variables such as
intra-luminal pressure, angle and aortic compliance on balloon hemodynamics.
These data are complemented by results on the duration of balloon inflation and
deflation obtained by means of high-speed camera visualisation. Furthermore,
wave intensity analysis is carried out and it is identified as a possible alternative
method for the assessment of |ABP performance.

This work includes two prototypes of intra-aortic balloons of novel shape
with the balloon chamber tapering both from and toward the balloon tip.

In clinical terms, with reference to the semi-recumbent position in which
patients assisted with the IABP are nursed in the intensive care unit, the results
presented in this thesis indicate that operating the balloon at an angle

compromises the benefit of counterpulsation when assessed in vitro.
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Chapter One — Background

CHAPTER 1

BACKGROUND

1.1. The field of Ventricular Assist Devices (VADs)

In his opus Exercitatio anatomica de motu cordis et sanguinis in
animalibus (The movement of the heart and blood in animals: an anatomical
essay, 1628) William Harvey, Physician to Charles | and historically one of the
most important investigators of the cardiovascular system, concluded: “Just as
the king has the first and highest authority in the state, so the heart governs the
whole body. It is, one might say, the source and root from which in the animal
all power derives, and on which all power depends” [1].

Impairment of the heart’s function in fact results in one of the major
causes of death, despite the clinical and research efforts that have been and
are dedicated to this organ. According to statistics from the World Health
Organization, it was recognised that in the year 2005 cardiovascular disease
accounted for 30% of global deaths and it was further predicted that by 2015
about 20 million people will die from cardiovascular disease [2]. Also, the
American Heart Association pointed out that in 2006 one in three American
adults was affected by cardiovascular disease (80 million people) and the
estimated economic costs (direct and indirect) related to cardiovascular disease
for the year 2008 is above $ 475 billion [3].

In the process of treating and assisting patients and tackling the issues
related to cardiovascular disease, mechanical circulatory support has been
adopted over the years in a variety of forms. Historically, the introduction of

mechanical support to the failing heart is dated in the year 1953, when Gibbon

1



Chapter One — Background

performed a surgical intervention involving the first cardiopulmonary bypass [4].
Since then the study, design and evaluation of mechanical devices able to aid
and promote heart recovery has never stopped.

There are several definitions available in the literature for Ventricular
Assist Devices (VADs), but, as Walter Welkowitz points out in Engineering
hemodynamics: application to cardiac assist devices, all devices share some
characteristics, in his words: “Many methods of mechanical assistance to aid
the failing heart have been, and are being, extensively investigated. The
hemodynamic goals of the different methods being studied vary depending
upon the specific patient problems; however, they all fit into three general
categories: decreasing the work of the failing myocardium by reducing the load
on the left ventricle; increasing blood flow through the coronary circulation, and
consequently increasing the oxygen supply to the hypoxic tissue; and
increasing cardiac output, and thus increasing the blood supply to the peripheral
organs” [5].

Nevertheless it is possible to classify VADs according to different
parameters. One possible distinction is based on the duration of time for which
the VAD is applied to the patient [6-8] as follows:

(@)  short-term support, e.g. Impella (Cardiotechnik AG, Aachen, Germany),
TandemHeart Pump (Cardiodynamics, Pittsburgh, PA, USA), Intra-Aortic
Balloon Pump (IABP)

(b)  medium-term support, e.g. Abiomed BVS 5000 (Abiomed Inc, Danvers,
MA, USA), BerlinHeart (Mediport, Berlin, Germany), Thoratec VAD

(Thoratec Corporation, Pleasaton, CA, USA)
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(c) long-term support, e.g. Novacor (World Heart Corporation, Ottawa,
Canada), HeartMate XVE (Thoratec Corporation, Pleasaton, CA, USA),
Jarvik 2000 (Jarvik Heart Inc, New York, USA).

Another distinction is based on mobility, distinguishing between bedside,
portable and wearable devices [7]. Also, VADs can be classified in terms of
“technology” [9]:

- Centrifugal pumps, e.g. Rotodynamic (Cleveland Clinic Foundation, OH, USA),

Gyro pump (Baylor College of Medicine, Houston, TX, USA), Vienna centrifugal

(Vienna University, Vienna, Austria)

- Axial pumps, e.g. Jarvik 2000 (Jarvik Heart Inc), Impella (Cardiotechnik AG),

DeBakey VAD (MicroMed Technology Inc, TX, USA)

- Pusher plate, e.g. BCM 3.5 (Biomed S.A., Madrid, Spain)

- Diagonal, e.g. Ventrassist (Micromedical Ltd, Sydney University, Australia),

Deltastream (HIA/Medos, GmbH, Aachen, Germany)

- Pulsatile, e.g. PUCA pump, IABP

- Total Artificial Heart (TAH), e.g. PennState TAH (Hershey, PA; Minnesota

Mining and Manufacturing, Minneapolis, MN, USA), Jarvik 7 (Jarvik Heart Inc)
Another distinction [10, 11] takes into account the position of the device.

In this regard the most commonly used VADs can be grouped as (a)

extracorporeal (including devices such as: Abiomed BVS 5000, Thoratec

CentriMag, BerlinHeart EXCOR, ExtraCorporeal Membrane Oxygenation or

ECMO) and (b) intracorporeal (including devices such as: the IABP, Thoratec

HeartMate, Novacor LVAD, MicroMed DeBakey, BerlinHeart INCOR, Jarvik

2000).

Goldstein and Oz [10] also suggest another category, which they

denominate as “future devices”, in which are included devices such as:
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DeBakey VAD, epicardial compression mechanical devices, PennState
University totally implantable LVAD and Total Artificial Heart (TAH), Heartsaver
VAD (fully implantable for long-term support).

Another possible distinction can be drawn by creating an electrical circuit
equivalent to the cardiovascular system. The electrical equivalent allows us to
distinguish between in-series and in-parallel arrangement. The frequent mode
of operation of long-term VADs is to work in-parallel with the heart. This is
achieved by pumping blood from the left atrium directly to the ascending aorta
and in such a way the mechanical device is responsible for a varying
percentage of the pumping work [12]. On the other hand, temporary devices are
driven in-series with the heart. In parallel assistance provides larger cardiac
output augmentation than in series, but in series assistance has the benefits of
reliability and documented long-term clinical efficacy [13].

In this context, the IABP is recognised as one of the most widely used
and most effective VADs worldwide [14, 15]. The IABP is a VAD for
intracorporeal use that, using the electrical analogy, works in-series with the
heart [16]. Traditionally employed for short-term patient support, recent work
focused on the possibility of using the IABP as a permanent implantable VAD
[17]. This will be explained further in the following sections, in which the history,
the functioning, the benefits and the complications associated with IABP will be

presented.

1.2. The introduction of IABP
In 1951, Adrian Kantrowitz conceived the idea that the augmentation of
arterial diastolic pressure by means of an external force could be a solution to

support an ischemic heart [18] and this can be regarded as the birth of the
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IABP. Such an increase of arterial diastolic pressure is obtainable using what
now is known as a counterpulsating device, such as that employed in 1958 by
Birtwell and Harken and reported three years later in the study The arterial
counterpulsator by Clauss et al. [19]. The IABP is the prototypical example of
counterpulsating device and the principle of counterpulsation will be described
in section 1.3.

Regarding the clinical introduction of IABP, in 1962 Moulopoulos and
coworkers were the first to use an intra-aortic balloon to apply the concept of
counterpulsation and in this regard their work is now considered as pioneering
in the field [20]. A few years later, in 1968, three papers by Kantrowitz et al.
presented the first clinical data about the application of IABP [21-23]. These
cases referred to patients with cardiogenic shock, the condition provoked by
impairment of cardiac function by myocardial infarction, myocarditis or
arrhythmia [24].

Already in the early stages of its introduction, the IABP underwent some
drastic modifications: from the original device consisting of a latex balloon
inflated with carbon dioxide — as Adrian Kantrowitz recalls in his 1990 paper
Origins of Intraaortic Balloon Pumping — “by early 1967, we had enough
experience in the experimental animal to show clearly the advantages of a non-
distensible polyurethane balloon” and further “the use of helium as the shuttle
gas gave us sufficiently transit speed to assure appropriate timing” [19]. Helium
is mostly used as shuttle gas. In 1988 Walter Welkowitz referred to helium (He),
nitrogen (N2) and carbon dioxide (CO;) as the three primary driving gases [12]
although nowadays helium is the common choice, because of its low density
and, in case of balloon rupture, it would not be as harmful for the patient as

COs..




Chapter One — Background

Kantrowitz interestingly pointed out that, at the origins of IABP therapy,
despite the low rate of survival of patients in cardiogenic shock, the
counterpulsator was inducing clear hemodynamic benefits in the patients and
this encouraged researchers in the field to apply this technique in other acute
low-output left ventricular problems. In fact, a vast number of both in vivo and in
vitro studies as well as clinical trails followed. From patients with cardiogenic
shock, the use of IABP has evolved over the years and it was reported that in
the year 2001, in the US alone, 150,000 patients were assisted by means of
IABP [25]. The components of the balloon are shown in Figure 1.1 and an

example of modern IABP is provided in Figure 1.2.

~«<— Catheter tip

Central lumen

1< Balloon membrane

Catheter

Sheath seal
Suture pads

Figure 1.1: Components of the balloon catheter and position in the aorta. The
schematic drawing shows the balloon chamber, identifying the tip of the balloon,
the lumen and the membrane. The catheter is shown together with the
characteristic Y connection and the “one way valve” represents the point at
which the balloon is connected to the IABP. Image from [26].
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Figure 1.2: Overview of modern IABP from leading manufacturer Datascope
(Fairfield, NJ, USA), showing: (1) the monitor of the IABP, also magnified,
where the aortic pressure signal and the ECG are shown, (2) the helium gas
storage, (3) the catheter of the balloon and (4) the tip of the balloon. The size of
the balloon is out of scale. Images from [27, 28].
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1.3. IABP guidelines

1.3.1. Choice and insertion

IABP therapy is suited for a variety of conditions, including: cardiogenic
shock; pre-shock syndrome; myocardial infarction; unstable angina; as
prophylactic support for coronary angiography, coronary angioplasty,
thrombolysis and high risk interventional procedures (stenting); post-surgical
myocardial infarction [29, 30]. Nowadays the IABP is employed pre-, intra- and
post-operatively [15, 31-37] and as a bridge to transplantation [38-40].

The balloon is usually inserted via the femoral artery. Instead of a
surgical approach, the balloon is inserted percutaneously. The surgical
approach consisted in performing an incision in the groin area, sewing a
vascular graft to the common femoral artery and inserting the balloon into the
artery via the graft [41]. The benefits of percutaneous insertion are the rapidity
of the operation and the minimization of hemorrhagic complications [42].
Percutaneous insertion has been used since 1979 using a modified Seldinger
technique [43, 44]. Named after the Swedish radiologist Sven-lvar Seldinger,
this is a technique to access a vessel by: puncturing the vessel, advancing a
guidewire in the vessel and inserting a sheath or cannula which is then removed
once insertion is completed [45]. Sheathless insertion has contributed to further
reduce complications [46].

An alternative approach is known as the “subclavian approach” and
consists in introducing the balloon via the subclavian artery [47]. Alternative
access routes also involved the axillary and iliac arteries and the ascending
aorta or the aortic arch [48-50] but percutaneous insertion can be indicated as

the commonly used technique.
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Balloons of different volumes are available and they are chosen with
respect to patient’s size. In the case of intra-aortic balloons produced by market
leader Datascope (Fairfield, NJ, USA), the range of balloon volumes and the
corresponding patient size are reported in Table 1.1. Other manufacturers

follow similar guidelines.

Balloon membrane | Balloon membrane dimensions | Patient height
volume (cc) Length (mm)  Diameter (mm) (cm)
25 (paediatric) 174 14.7 <152
34 219 14.7 152 — 162
40 263 15 162 — 183
50 269 16.3 >183

Table 1.1: Balloon membrane sizing table. Different balloon volume is chosen
according to patient’s height, as indicated by the manufacturer, in this case
Datascope [51].

1.3.2. Position
Once inserted through the femoral artery, the balloon is positioned in the

descending aorta, typically between the aortic arch and the renal bifurcation,
and proper position of the IAB catheter tip is considered at about 2 cm from the
left subclavian artery [51]. Correct position of the balloon is an important
parameter, as malposition results in complications for the patient:
(a) if the balloon is too close to the aortic valve, it may obstruct the left

subclavian artery or the carotids
(b) if the balloon is too low, it may obstruct the renal and mesenteric arteries

[29].

Position of the balloon is shown in Figure 1.1 and 1.3. In the modern
clinical setting, fluoroscopy visualisation can be used to check the correct

positioning of the tip of the balloon [52].
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1.3.3. Removal

As said, the IABP is used for short-term assistance. A study on 103
patients reported the average duration of counterpulsation assistance to be 3.4
+ 1.6 days [53]. The range of IABP assistance has been reported to be from 5
minutes to 89 days [32].

Once specific hemodynamic criteria are satisfied — namely mean blood
pressure above 70 mmHg, systolic pressure or diastolic augmentation above 90
mmHg, pulmonary capillary wedge pressure below 18 mmHg, cardiac index
above 2.2 I/min/m? — a patient can be considered ready for weaning from IABP.
This is done either by reducing assisting frequency (e.g. from 1:1 to 1:2, from
every heart beat to every other beat assisted) or by reducing balloon volume
[54].

Removal of the percutaneously inserted balloon does not involve a
surgical operation. There is no need to aspire the balloon by means of a syringe
because the balloon is collapsed by the patient’s own blood pressure [29]. In
the case of unexpected resistance during the withdrawal, surgical removal can

be considered [29].

1.4. The benefits of IABP support
1.4.1. Benefits of balloon inflation
At the onset of diastole, as judged by the dicrotic notch on the aortic
pressure waveform, the balloon chamber is inflated with helium. The choice of
timing is related to the fact that maximum volume availability is registered at the
beginning of diastole, while in late diastole a high proportion of the blood has
moved to the periphery. If inflation is correctly timed as such, the following

hemodynamic benefits are achieved:
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(a) Augmentation of coronary perfusion pressure results in a potential
increase of coronary collateral circulation.

(b) Increased diastolic pressure

(c) Increased systemic pressure
with point (c) relating to a higher perfusion of distal organs, resulting in effects
such as increased urine output and increased cerebral perfusion [5].

The most apparent effect of a correctly timed inflation will show on the
arterial pressure waveform as an increase of peak diastolic pressure. Balloon

inflation is shown in Figure 1.3a and 1.4.

1.4.2. Benefits of balloon deflation
IABP support produces hemodynamic benefits equally during inflation
phase as well as during deflation phase. Balloon deflation occurs mainly during
the isovolumic contraction phase, preceding blood ejection from the left
ventricle through the aortic valve. The fact that the balloon is deflated before left
ventricular ejection generates a drop in pressure that results in the left ventricle
having to build less pressure in order to initiate ejection.
Correct timing of balloon deflation will result in:
(a) reduction of left ventricular afterload
(b) shortening of the isovolumic contraction phase
(c) increase in stroke volume: the reduction of afterload (a) results in
more effective emptying of the left ventricle
(d) enhanced forward cardiac output also decreases the amount of
blood shunted from left to right in case of intraventricular septal

defects and incompetent mitral valve. [29]
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A sign of correctly timed deflation on the arterial pressure waveform is
the reduction of peak systolic pressure in the assisted beat compared to that of

the non-assisted beat. Balloon deflation is shown in Figure 1.3b and 1.4.

INFLATION DEFLATION

(a) (b)

Figure 1.3: Schematic representation of balloon inflation (a) and deflation (b). It
is inflated during the diastolic phase, with the onset of inflation coinciding with
the onset of diastole (dicrotic notch). It is deflated before the systolic phase or,
according to a different school of thought, deflation can extend during the
following systole. Image from [30].

12
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ECG (uV)

Arterial pressure (mmHg)

Diastolic augmentation
balfoon inflation
Balloon deflation Timé
” Ui
Defiation Inflation Defiation Inflation

Figure 1.4: Inflation of the balloon results in augmentation of early diastolic
aortic pressure, while deflation of the balloon results in reduction of end-
diastolic pressure. This is visible on the arterial pressure trace (lower trace).
ECG is also provided as a time reference (upper trace). Image redrawn from

[30].

13



Chapter One — Background

1.4.3. Impact of IABP on cardiac energy

The work of the myocardium is dependent on oxidative reactions. This
implies that a crucial factor to establish the capacity of the heart to work (or
recover) depends on the balance between the availability of oxygen and the
level of oxygen consumption. The given definitions of oxygen availability and
consumption are, respectively, the maximum amount of oxygen that can be
extracted from coronary blood supply and the amount of oxygen needed to
sustain myocardial work and heat loss.

The benefits of IABP inflation and deflation can be summarised into two
main points: increased coronary perfusion during inflation and decreased left
ventricular afterload during deflation. In other words, in-series cardiac support
tries to re-establish the balance between oxygen availability and consuption in
the failing myocardium, by increasing oxygen availability during balloon inflation
and decreasing oxygen consumption during balloon deflation, as described by

Barnea et al. in 1990 [55]. Oxygen availability is defined as:
_(A-V)O
VOa B TZJ‘IMU Q"‘” (T)dT Eq1

where Q. is coronary flow and (A-V)O. is the maximum physiological
arteriovenous oxygen difference expressed in volume percent, with maximum
(A-V)O, corresponding to maximum oxygen extraction and 1 is the viscoelastic
time constant.
Oxygen consumption is defined as:
Voo =A-PVA+B-E  +C Eq.2
therefore depending on LV pressure-volume area (PVA), which is used in
the literature to correlate with oxygen consumption rate per beat [56-58], and on
the elastance function (Ena), which represents contractility, with B and C

indicated as constants.
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Barnea et al. concluded that “the major direct effect of intra-aortic balloon
pumping is augmentation of oxygen availability”.

Instead, Williams et al. [59] have highlighted that the reduction of oxygen
consumption is the principal mechanism by which IABP therapy alleviates
myocardial ischemia in patients affected by unstable angina pectoris.

A schematic representation of the effect of IABP on cardiac energy is

shown in Figure 1.5.
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Figure 1.5: The area beneath the systolic portion of the pressure waveform
(time tension index, TTI) represents myocardial oxygen consumption, while the
area beneath the diastolic portion of the pressure waveform (diastolic pressure
time index, DPTI) relates to oxygen supply. During IABP assistance, TTIl is
lowered and DPTI is increased, as shown on the plot redrawn from [30].
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1.5. Counterpulsation
1.5.1. The principle

In general, the definition of counterpulsation arises from the fact that the
assist device is pumping during diastole, against (counter) the normal activity of
the heart [60].

The benefits of IABP therapy, described in section 1.4, are obtained by
displacement of blood flow-volume and imposing blood pressure changes at
precise time intervals during the heart cycle. The onset of balloon inflation is
timed with the onset of diastole and the dicrotic notch is taken as a reference
point on the arterial pressure waveform. Inflation should begin at this point. At
this instant the helium is displaced into the balloon chamber and the balloon is
inflated. The balloon then remains inflated during diastole. The exact timing of
balloon deflation, on the other hand, does not rely on a landmark point on the
pressure trace. Deflation occurs during the isovolumic contraction phase of
systole and, more specifically, the rapid deflation of the balloon chamber is
timed just before the onset of left ventricular ejection. Some studies have
indicated that deflation timing during counterpulsation can be considered
optimal when the volume of the balloon is halved before the end of left
ventricular diastole and then the deflation process extends into the following
systole [15, 55, 61]. However, in the course of the study of the literature relative
to IABP counterpulsation, a certain degree of disagreement relative to deflation
timing has emerged. It is reported that deflation should be completed before the

onset of the following systole [62, 63].
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1.5.2. The importance of correct timing

In order for IABP therapy to be beneficial for the patient, the timing of
inflation and deflation of the counterpulsating balloon need to be carefully
controlled with respect to the heart cycle. As said, the balloon is inflated at the
dicrotic notch at the onset of diastole and is deflated before the following systole
without a marker on the aortic pressure signal. Any change imposed to this
timing principle, by inflating/deflating the balloon either too early or too late,
reduces the effectiveness of IABP therapy.

1. Early inflation: the balloon is inflated before the aortic valve is closed and
induces premature closure of the valve at the end of systole. Early inflation
results in a loss of forward cardiac output.

2. Late inflation: after aortic valve closure, the balloon can displace a lower
volume of blood. Late inflation results in lower pressure increase.

3.  Early deflation: the balloon is deflated before isovolumic contraction. At the
onset of the following systole, the beneficial unloading effect of balloon deflation
is lost.

4. Late deflation: the balloon is still partially inflated at the onset of the
following systole, resulting in an impediment during ejection. Late deflation
results in increased impedance and increased workload for the myocardium.

In terms of the effect of IABP therapy on cardiac energy balance,
described in section 1.4.3, the level of oxygen consumption is not greatly
affected by the timing of inflation and deflation of the balloon, unless inflation is
triggered too early or deflation too late: “in the case of inflation beginning before
the end of systole or deflation beginning too late in the systole of the following

beat, an increase of oxygen consumption was observed” [55].
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1.6. Complications associated with the IABP

Despite its beneficial action and its widespread use, the IABP is prone to
several complications, although in the literature the estimate of complications
related to IABP therapy varies from 3%, as reported by Underwood et al. [64], to
47%, as reported by Eltchaninoff et al. [65] and Funk et al. [66].

The major complication associated with the IABP is limb ischemia and
insertion technique, insertion site and catheter choice are linked with limb
ischemia incidence [67, 68]. Other complications observed in an in vivo study by
Elahi et al. [69] alongside limb ischemia include groin haematoma, femoral
artery trauma and infection, respectively occurring in 3.22%, 3.76% and 0.5% of
the cases of their clinical study.

Another possible complication is balloon rupture, involving a leak of
shuttle gas into the circulation. Because of increasing patient age, Wolvek
observes that a calcified aorta represents a hostile environment for IABP
therapy [70]. The problem is double-sided: on the one hand repetitive abrasion
due to the presence of atherosclerotic plaques may result in balloon membrane
rupture, and on the other hand repetitive contact during balloon inflation may
result in plaque dislodgment and consequent thrombosis.

An obstacle associated with balloon removal is defined “balloon
entrapment”. The difficulty in removal experienced in the case of entrapment is
related to the presence of a blood clot within the balloon [67, 71, 72]. The
formation of such a clot is due to the presence of a small tear or perforation in
the membrane of the balloon through which blood enters the balloon chamber

and dries in contact with helium.
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1.7. Variables affecting IABP performance

1.7.1. Arterial compliance (and relation with patient age)

Arterial compliance has been identified as one of the major variables
affecting IABP counterpulsation. In their 2002 study, Papaioannou et al. built a
hydraulic model to investigate the independent effect of arterial compliance on
IABP counterpulsation simulating a wide range of compliance values (1.05-2.62
ml/mmHg) [25]. The same authors observed that “arterial compliance is a main
and independent biological factor affecting the performance” of balloon
counterpulsation and linked their remark with clinical data [73] “indicating that
patients with post-infarction, cardiogenic shock showed a better hemodynamic
response to [counterpulsation] when their arterial compliance was low,
independently of the arterial pressure and vice versa”.

A summary of their results [25] is shown in Figure 1.6, where the effect of
compliance is evaluated in terms of diastolic pressure augmentation (AAUG),
reduction of systolic aortic pressure (ASAP) and reduction of end-diastolic
pressure (AEDAP) as markers of counterpulsation benefits at three levels of
aortic pressure (55, 75 and 95 mmHg) and three different heart rates (80, 100
and 120 bpm).

In clinical terms, arterial compliance should also be taken into account in
relation with patient age. A 1999 review reported that the majority of patients
undergoing IABP placement are in the range of 61 to 70 years of age [41] and
advanced age is commonly linked with stiffening of the aorta. On the other
hand, observations about the paediatric use of IABP have indicated that the
high compliance of the aorta (together with high heart rate) renders IABP

therapy ineffective in children [74-76].
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Figure 1.6: The effect of arterial compliance on IABP counterpulsation
evaluated in terms of diastolic pressure augmentation (AAUG), systolic arterial
pressure reduction (ASAP) and end-diastolic pressure reduction (AEDAP) at
three levels of arterial pressure and three heart rates [25]. These parameters
are taken as markers of counterpulsation benefits.
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1.7.2. Heart rate

Another variable influencing the performance of the IAB is heart rate.
Kao and Ohley indicated heart rate, along with left ventricular pressure and
peripheral resistance, as the most significant vascular parameter in their non-
linear arterial/IABP model [77]. Furthermore, Papaioannou et al. specifically
addressed the effect of heart rate in their 2002 study Heart rate effect on
hemodynamics during mechanical assistance by the intra-aortic balloon pump
[78]. Their work established that acute effects of IABP therapy are significantly
related to variations in heart rate, according to a non-linear, quadratic
relationship, and an optimal range of heart rates in which intra-aortic balloon
performance is enhanced was identified. Such range was found between 80

and 110 bpm.

1.7.3. Balloon volume

The volume of the balloon itself is also indicated as a variable affecting
balloon counterpulsation and contrasting views can be found in the literature in
this regard. In 2002 Cohen et al. studied the effect of different counterpulsating
volumes on echocardiographic and invasive hemodynamic measurements of
cardiac output [79]. They underline that such in vivo study involved a group of
patients large enough that would avoid beta error and a false negative result
[79]. Different volumes were achieved by means of a volume-limiter disk in the
IABP console. Their results showed that there were no substantial differences in
cardiac output or other hemodynamic parameters during IABP assistance with
either balloon volumes of 32 or 40 cc and consequently it was assumed that the
smaller volume would result in a better choice since it would reduce vascular

complications during catheter insertion.
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On the other hand, an earlier study conducted by Stamatelopoulos et al.
concerning large counterpulsating volumes evaluated the hemodynamic effects
of counterpulsation therapy and also variables of cardiogenic shock, such as
urine output and renal artery flow [80]. In this case the authors concluded that
“the effectiveness of intraaortic balloon pumping in severe cardiogenic shock
may be improved by increasing the volume of the balloon” and also remarked
that “a counterpulsation volume much larger than the one provided by the
commonly used balloons might be applied as a bridge to implantation of a

leftventricular assist device for patients in severe cardiogenic shock”.

1.7.4. Shape and arrangement

In the history of the IABP, different configurations have been tested
aiming to optimize the benefits deriving from counterpulsation support. The two
examples discussed in this section show that the shape of the balloon and its

arrangement influence IABP performance.

1.7.4.1. Multi-chamber balloon

The proposal of a multi-chamber configuration for intra-aortic balloon
therapy was raised by Bai et al. in 1994 [81]. Referring to earlier work from the
1970s [82, 83] Bai and co-workers developed the concept of a balloon
composed by three successive chambers (Figure 1.7) and they compared one-,
two- and three-chambered balloons keeping the balloon volume constant (13
ml). They performed both computer simulations and physical tests and the
parameters chosen to quantify the effectiveness of IABP were: mean aortic
systolic pressure (MSP), mean aortic diastolic pressure (MDP), the ratio

MDP/MSP, total coronary flow per beat (TCF), end aortic diastolic pressure
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(EDPR). In the case of a three-chambered balloon, the chambers were inflated
from the catheter to the tip in sequence. From the results of the simulation the
authors observed: “mean diastolic pressure can be maximised and mean
systolic pressure and end diastolic pressure can be minimised when the sum of
the volume of the middle and rear chambers is about 40% of the total balloon’s
volume” for the case of a three-chambered balloon. Further, the ratio MDP/MSP
was an indicator of effectiveness, since maximum MDP/MSP can be obtained
by increasing MDP (increasing oxygen supply) or minimizing MSP (reducing
oxygen consumption), and “MDP/MSP increased about 23% compared with the
single chamber balloon by using a three chamber balloon of the same volume;

the coronary flow increased 16%, and the afterload decreased about 8%”.
</ |

Figure 1.7: Multi-chamber intra-aortic balloon, as proposed by Bai et al. [81].
The three chambers are inflated in succession, from the catheter to the tip.
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1.7.4.2. Enhanced IABP (EIABP)

Another arrangement for IABP counterpulsation was described in 2002
by Bian and Downey [84] presenting their results from a canine study involving
a so-called enhanced IABP (EIABP). Compared to a traditional counterpulsating
balloon, the EIABP operates according to the same timing principle but also
involves an additional external chamber which provides additional pumping
capacity, as shown in Figure 1.8. Results of this study showed that, in the
presence of global LV disfunction, “only EIABP could significantly augment
diastolic aortic pressure, and this effect was pronounced, from 32 mmHg to 87
mmHg”. Also, a “significant increase in coronary and carotid artery blood flows

produced only by EAIBP” was observed.

EIABP
Driving
System

Figure 1.8: Enhanced IABP, or EIABP, as proposed by Bian and Downey [84].
The external chamber provides additional pumping capacity.
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1.7.4.3. Ascending aorta balloon

A comparison between ‘ascending’ and ‘descending’ aortic balloon
pumping was carried out by Meyns et al. [85] comparing a specifically designed
ascending aorta balloon catheter suitable for introduction via the groin (Figure
1.9) with traditional IABP. The new device was an ‘Intraarterial Cardiac Support
system’ or ICS-Supracor (Abiomed, Danvers, MA) and had a volume of 45 cc
and maximum diameter of 35 mm. The characteristic of this design was that the
catheter of the ICS-Supracor was preshaped to fit in the curvature of the aortic
arch (Figure 1.9). The authors compared the ICS-Supracor with a traditional 40
cc balloon (St Jude Medical, Chelmsford, MA). Hemodynamic results showed
an increment in myocardial blood flow with the ‘ascending’ IABP design with
respect to the traditional ‘descending’ design, with no unfavourable effect on
cerebral perfusion. However, “the degree of complications caused by vascular
access and dislodged plaques in the ascending aorta ha[d] to await the results

of clinical trials”.

Figure 1.9: Abiomed ICS-Supracor balloon has a preshaped catheter to fit the
curvature of the aortic arch. Image from [85].
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1.7.5. Patient’s posture

IABP therapy is commonly used with patients in the intensive care unit
(ICU), where they are usually nursed in an inclined position, or semi-recumbent
position. The main reason for this setting is that patients in the ICU are usually
mechanically ventilated and it has been advocated that the semi-recumbent
position helps in preventing the common complication of ventilator-associated
pneumonia (VAP) [86, 87]. In the case of semi-recumbent position, the backrest
angle has been indicated as 30-45° [88]. According to National Health Service
guidelines [89] VAP “accounts for up to half of all infections in the intensive care
unit” and in order to reduce this risk “patients should have a minimum resting
height of 30°[...] established in whatever resting position the patient is placed”.

Initial observations about the effect of patient’s posture (angle) on balloon
counterpulsation were made by Khir et al. in 2005 [90]. The authors tested the
IAB in vitro at a range of angles from 0 to 90° and in vivo at the horizontal and
semi-recumbent (30°) positions. The authors concluded that “unless patients
using IABP are required to be semi-recumbent, it may be best to position them
horizontally to gain the full benefits of balloon counter pulsation to the coronary

circulation”.

1.8. In vivo perspective

Clinical data about the balloon effectiveness is widely available in
literature. The largest clinical study is the Benchmark Counterpulsation
Outcomes Reqgistry, a “comprehensive, prospective, multicenter computerized
database program” that involved 16,909 patients between 1996 and 2000 [32].
This broad study showed that modern IABP therapy has a low incidence of

complications (2.8%) and low mortality rate (5 patients in 10,000 due to balloon
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failure or insertion). It also identified female gender, high age, small body
surface area and peripheral vascular disease as independent predictors of IABP
complications.

The beneficial effect of balloon inflation resulting in augmentation of
coronary perfusion has been questioned, especially in the presence of coronary
stenosis. Akyurekli et al. in their study on the effectiveness of |ABP
counterpulsation concluded that “the therapeutic action of IABP must result from
increases in coronary blood flow by diastolic augmentation” and that the
unloading action of |IABP therapy was ineffective in hypotensive states [91],
while other authors identified with myocardial unloading the major benefit of
IABP therapy. A 1982 animal study in the awake pig showed that coronary
blood flow to the ischemic myocardium is not always increased by the action of
counterpulsation [92]. A 1996 animal study in dogs reinforced this observation,
concluding that IABP “failed to increase diastolic inflow in the myocardium and
did not enhance systolic retrograde flow from the myocardium to the extramural
coronary artery” [93]. Observations in patients performed by Williams et al.
showed that “relief of angina during IABP cannot be ascribed to an absolute
increase in coronary blood flow” but instead the authors noted that myocardial
oxygen consumption, measured as the product of great cardiac vein flow and
the difference in oxygen content of the paired arterial and great cardiac vein
samples, was consistently reduced and therefore ascribed the benefit of IABP
counterpulsation to the reduction of myocardial oxygen demand [59].

In the light of these clinical observations, and bearing in mind the
differences between in vivo and in vitro studies, this project will investigate both
pressure and flow changes induced by the IAB. Flow measurements in the

direction opposite to the balloon tip, henceforth defined as “retrograde flow”,
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and diastolic pressure augmentation will be mainly referred to when analysing

the effect of balloon inflation. End-diastolic pressure reduction will be taken as

the principal index of the effect of balloon deflation and the suction generated

during this phase.

1.9. Aims of the study

In the light of the characteristics of the IABP described in this chapter

and of the extensive literature available on the subject and here summarized,

the aims of this project are:

To quantify the pressure and flow changes induced by the |IAB (with
emphasis on the retrograde direction) at different levels of intra-luminal
pressure

To establish the effect of angle on the mechanics of the IAB by means of
experimental and visualisation studies, resembling patient’s posture as
described in section 1.7.5.

To build a mock circulatory system suitable for IABP testing

To assess the potential of wave intensity analysis (described in Chapter 2,
section 2.4) as an alternative descriptor of IAB performance

To include in the study two novel balloons of conical shape, alongside
commercially available cylindrical balloons, in order to assess the possible

benefit of a new balloon design.

1.10. Thesis outline

The work performed in order to achieve the aforementioned aims has

been performed in progressively more physiological setups and has been

structured in this thesis according to the following outline:
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Chapter 2 (Methodology) describes the IABP operation, the measuring
equipment used for the experiments, the calibration techniques and the
reproducibility of the recorded signals. This chapter also includes a short
description of wave intensity analysis.

Chapter 3 (Preliminary assessment of balloon volume displacement in a
straight compliant tube) refers to measurements in a single latex tube.
Balloons of different shape and size are tested at the horizontal position
and at an angle.

Chapter 4 (The effect of changes in transmural pressure on balloon
mechanics) includes measurements in an artificial aorta in the absence
of counterpulsation. The effect of intra-luminal pressure on balloon
volume displacement and end-diastolic pressure reduction is studied.
Preliminary wave intensity analysis results are also presented.

Chapter 5 (Duration of inflation and deflation: visualisation study)
describes the results of a visualisation study that provided knowledge of
the duration of balloon inflation and deflation and the effect of intra-
luminal pressure and angle on these parameters. Also, since for
visualisation purposes the balloon was operated in a glass tube, the
effect of the compliance of the tube housing the balloon is tested by
measuring balloon internal pressure.

Chapter 6 (Designing a mock circulatory system for |IABP testing)
describes a mock circulatory system built for IABP testing, the main
characteristic of the mock loop being the physiological distribution of
terminal resistance and compliance.

Chapter 7 (The effect of angle on IABP mechanics: measurements in the

mock circulatory system) establishes the effect of posture on IABP
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counterpulsation, testing the balloon in the mock circulatory system while
simulating counterpulsation with a synchronised LVAD.

= Chapter 8 (Conclusions and future outlook)
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CHAPTER 2

METHODOLOGY

This chapter will discuss the experimental procedures, instrumentation,
calibration methods and analytical tools that were adopted in the course of this
thesis. Specific experimental setups will be separately described in detail in the

relevant chapters.

2.1. Instrumentation and measurements
" The IABP: two different models of IABP were used during this project, a
Datascope CS 100 model and a Datascope 98 model. Both models operate
according to the same principles.

The IABP can be controlled from the main panel and an overview of the
Datascope 98 IABP control panel is provided in Figure 2.1.

Balloon augmentation volume can be regulated and was set on “maximal
augmentation” throughout the experiments presented in this thesis.

Different assisting frequencies can be selected: every beat assisted (or
1:1), every other beat assisted (or 1:2) and every third beat assisted (or 1:3).
Different frequencies have been used and compared, mainly 1:1 and 1:3
(Chapter 3, 4, 5 and 7).

The IABP can be triggered with either an ECG signal or an aortic
pressure signal. In this thesis the ECG always used and was provided either by
a patient simulator (Datascope) or, in the case of the Datascope 98 IABP, fed
externally in the form of a spike signal. A spike signal was extracted from a

stepper motor driver and fed to the IABP in the form of a short square wave, as
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will be further explained in Chapter 6. It was in fact shown that the IABP does
not read features of the ECG signal which is input, such as the P and T waves,
but instead it calculates heart rate from the distance between R-peaks. This
was tested by triggering the IABP with different ECG signals whose features
had been purposefully modified but with same R-to-R distance and as a result
the IABP was reading the same heart rate.

Different balloon cycles are selected automatically depending on heart
rate and the timing of balloon inflation and deflation is pre-set in the IABP.
However, if necessary these times can be separately anticipated or delayed by
+ 80 ms by means of two slides control on the IABP front panel.

In terms of triggering, modern IABPs can adjust the timing of balloon
cycle according to sophisticated algorithms, such as the intrabeat dicrotic notch
prediction algorithm described in 2005 by Schreuder et al., a timing algorithm
that works efficiently both for regular beats and during arrhythmia [94].
Datascope CS 100 IABP is equipped with an automated arrhythmia tracking
and timing algorithm [95].

In practical terms, following from the description provided by Quaal [30],
when balloon inflation is initiated, the pneumatics of the IABP are filled with
helium. A transducer, positioned between the helium tank and the balloon,
senses the filling pressure. Then helium is propelled into the catheter, resulting
in a rapid upstroke. An overshoot pressure artifact is seen at peak inflation
resulting from the gas pressure in the pneumatic line. The balloon is kept
inflated and then deflation is represented by a rapid pressure drop, with an

undershoot artifact as helium is sucked back to the IABP.
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Figure 2.1: Overview of the front control panel of the Datascope 98 IABP.
Commands for modification of inflation/deflation timing (1), balloon volume
augmentation (2) and assisting frequency (3) are highlighted. Image from [96].
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" Balloons: different balloons were used in the course of this study.
Traditional cylindrical balloons (Datascope) were tested. Balloons of different
sizes were used (25, 34, 40 and 50 cc in volume). Dimensions of these |1ABs
are provided in Table 1.1 in the Background, where they are related to patient’s
height.

Alongside traditional balloons, two novel balloons of conical shape were
included in this study. These tapered balloons were of opposite shape, one
having tapered increasing diameter from catheter to tip (“TID balloon”) and the
other having tapered decreasing diameter from catheter to tip (“TDD balloon”).
The tapered balloons were manufactured by Datascope specifically for Brunel
University. A schematic representation of the TID and TDD designs is provided
in Figure 2.2. The volume of the tapered balloons is 36 cc and they are 38 cm
long. Wall thickness of the balloon chamber membrane was measured by
means of calliper and compared with that of the commercially available and
clinically used cylindrical balloons: the thickness of the membrane of the TID
and TDD balloons was approximately 0.275 mm whereas for the other balloons
it was approximately 0.128 mm. During the course of an experiment the
balloons were inflated/deflated with the same |IABP with constant settings, in
order to highlight the effect of the new shape on the measured parameters.

This change in shape was based on the rationale that in one case the
change in tapering would enhance the benefit associated with balloon inflation
(diastolic pressure augmentation and coronary perfusion augmentation) while in
the other it would enhance the benefit associated with balloon deflation
(myocardial unloading). Such rationale is presented in the patent application no
0900638.8GB. The idea of a balloon with tapering diameter was originally

suggested in 1996 by Stamatelopoulos et al. [80].
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Figure 2.2: The tapered balloon, with decreasing diameter from catheter to tip
(TDD) and with increasing diameter from catheter to tip (TID).

" Artificial aorta: different experimental setups have been used in this
project and will be described in the relevant sections. In the experiments which
required a more physiological environment, an artificial aorta was utilized. The
aorta was manufactured by Ranier (Cambridge, UK) and it was made of a
polyurethane compound. The aorta itself was tapered towards the iliac
bifurcation (maximum diameter of 29.4 mm and minimum diameter of 10.4 mm).
It accounted for 14 main branches: left and right coronary, left and right carotid
arteries, left and right subclavian arteries, mesenteric, splenic, left and right
renal, left and right iliac arteries bifurcating into left and right femoral and deep
femoral arteries. The artificial aorta provided adequate geometry and
physiological compliance, although the curvature of the aortic arch was not
included in the model.

The aorta was used as an item for the generation of the mock circulatory

system that will be presented and discussed in Chapter 6.

" Stepper motor: Another piece of equipment that was used in the course

of this work, specifically for the construction and operation of the mock
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circulatory system (Chapter 6 and 7), is a personal computer-controlled stepper
motor (Placepower, Norfolk, UK). The stepper motor is coupled via a timing belt
and low backlash lead-screw to a piston (6.28 cm bore) of a water-filled
stainless steel cylinder. The forward and backward movement of the stepper
motor can be independently controlled via the software (EasiTools Interface,
Version 1.5, Parker Hannifin Automation, Dorset, UK). For both phases, motor
acceleration (rev-s®), motor deceleration (rev-s®), number of forward steps
(proportional to stroke volume) and maximum velocity (rev's™) can be adjusted.
By varying these parameters, different pumping frequencies and duty cycle are
achieved. For this reason the stepper motor was used, in conjunction with a
BVS 5000 ventricular assist device (Abiomed Inc, MA, USA), providing accurate
control over heart rate, systole/diastole ratio and stroke volume in the mock

circulatory system.

- Data acquisition system: A rack-mount BNC accessory (BNC 2090) was
used for connecting analogue and digital signals to the data acquisition device
(NI-DAQ 7, National Instruments, Austin, TX, USA). The BNC 2090 can use 8
differential or 16 single-ended analogue input channels and 8 differential
channels were used throughout the experiments, with 16 bits ADC resolution

and minimum interchannel delay of 4 pus.

" Pressure-measuring _equipment: pressure was measured with

transducer-tipped pressure catheters. Different catheters were used during the
course of the experiments: 5F single-transducer catheters (Gaeltec, Isle of
Skye, UK), a 5F catheter with two sensors 5 cm apart (PCU 2000 pressure

control unit, Millar Instruments Inc, Houston, TX, USA) and a 7F catheter with
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seven sensors equally spaced 5 cm apart (Gaeltec). Further, a 0.014-inch
pressure wire (Radi Medical Systems AB, Uppsala, Sweden) was used in order
to gain access to the balloon chamber and measure balloon internal pressure,
since data on balloon internal pressure has not been reported previously. The
frequency response of the Millar catheter according to manufacturer
specifications is: DC to 1000 Hz (-3 dB), minimum [97]. Pressure data was
acquired at 500 Hz with Labview (National Instruments, Austin, TX, USA) and

later processed in Matlab (The Mathworks, Natick, MA, USA).

= Flow-measuring equipment: flow was measured with ultrasonic

perivascular flow probes (Transonic, Ithaca, NY, USA). Different probe sizes
have been used according to the different setups, including: 3, 8, 10, 20, 24 and
28 mm. The smaller probes (3 and 8 mm) operate according to the principle of
V-beam illumination, with one pair of transducers on the same side of the vessel
transmitting alternately in upstream and downstream directions, while larger
probes (10-28 mm) operate according to the principle of X-beam illumination,
with two pairs of transducers on opposites sides of the vessel transmit
alternately in upstream and downstream directions [98], as shown in Figure 2.3.
The probes were attached to Transonic flowmeters (T206 model and HT323
model). The sampling rate of Transonic flow probes, according to manufacturer
instructions, ranges from 3.6 KHz (smallest probes) to 225 Hz (largest probes)
allowing full resolution of pulsatile flow [99].

Similarly to pressure measurements, flow data was recorded with

Labview and later processed in Matlab.
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Figure 2.3: Transonic flow probes with V-shape (a) and X-shaped (b) pattern of
ultrasonic illumination. Image from [98].

2.2. Calibrations

2.2.1. Pressure calibrations

Pressure calibrations were performed with the method of the column of
water. Pressure in volts was recorded advancing the pressure sensor in the
water-column in steps of 10 cm up to a height of either 100 cm or 180 cm,
depending on the range of pressures expected during the individual
experiments. The pressure due to the water-column was converted into mmHg
(or Pa). Pressure in volts and pressure in mmHg (or Pa) were plotted and the
equation of the regression line relating these values was used to converted the
pressure measured in volts into mmHg (or Pa).

Conversion lines for the Gaeltec 7sd tip sensor and the Millar tip sensor

are shown as examples in Figure 2.4a and 2.4b respectively.
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Figure 2.4: Pressure conversion lines for the Galetec 7sd tip sensor (a) and
Millar tip sensor (b), showing the relationship between measured pressure in
volts (V) and pressure in mmHg.
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2.2.2. Flow calibrations

Transonic flow probes are pre-calibrated by the manufacturer [100] and
conversion values from volts to I/min are provided for different probe sizes.
Probes with diameter > 6 mm are calibrated in latex [100]. Since the
experimental setups in this thesis involve tubing of different materials (latex, but
also silicone and polyurethane) manufacturer calibration values were used only
in the case of measurements in latex tubes, but calibrations were repeated for
probes of different sizes in silicone tubes.

For the calibration procedure, a continuous flow pump was used to
generate flow. Once constant flow in the system was ensured, flow was
regulated by means of a tap in order to generate different flow-rates. Flow was
measured with the Transonic probes of interest fitted around the silicone tube,
which was submerged in a water bath. At the same time, output flow was also
collected for 30 seconds with a measuring cylinder.

Measured flow in I/min was plotted versus flow in V as measured by the
flow probe being calibrated and conversion lines were thus obtained. Examples
of conversion lines for different probe sizes (28 mm, 20 mm and two 8 mm

probes) are shown in Figure 2.5.
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Figure 2.5: Conversion lines for flow measured in I/min and flow in volts
measured by different Transonic flow probes: 28 mm (Q28), 20 mm (Q20) and

two 8 mm probes (Q8A and Q8B).

2.3. Reproducibility

In order to ensure the reproducibility of the balloon behaviour, pressure in
the balloon catheter (Psnue) Was repeatedly measured with a transducer-tipped
pressure catheter, with the balloon pulsating inside a straight silicone tube.
Twelve recordings were compared (Figure 2.6) and it was shown that the

behaviour of the balloon is highly reproducible.
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Figure 2.6: Comparison of twelve individual not consecutive measurements of
shuttle gas pressure, showing that the balloon behaviour is highly reproducible.

2.4. Analytical methods: wave intensity analysis

Wave Intensity Analysis (WIA) was introduced in 1990 by Parker and
Jones [101] and it has lately been described by Avolio et al. as “the most recent
and probably most important impetus to the interpretation of arterial
hemodynamics and as an alternative to arterial input impedance analysis” [102].

WIA is a time-domain technique, as opposed to impedance analysis,
which is a frequency-domain technique [103]. It is based on Riemann’s method
of characteristics [104] and considers pressure and velocity waveforms as
successive wavefronts rather than a summation of sinusoidal wavetrains [103].

Wave intensity (dl, in W/m?) is defined as the product of the differentials
of simultaneously measured pressure (P) and velocity (U) [101], or:

dI = dPdU Eq.3
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and an example is provided in Figure 2.7. Flow velocity U was derived
experimentally dividing the measured flow rate by the cross-sectional area of
the corresponding flow probe.

It is possible to separate dI into forward and backward wave intensity,

dl., as follows:

dl, = iL(dP * pcdU)? Eq.4
P

where p = density of the fluid, ¢ = wave speed and +/- indicate the
forward/backward direction with respect to flow. Forward waves have positive
values of d/ and backward waves have negative values of dl. Knowledge of cis
necessary to calculate separated dl.

The definition of ¢ of a wave travelling in an elastic tube according to

Moens [105] and Korteweg [106] is as follows:

c= /E—h Eq.5
2pr

where E = Young’s modulus of tube’s material, h = wall thickness and r = radius
of the tube.

Methods for calculation of c¢ include (i) the foot-to-foot method [107], (ii)
the sum of squares method [108] and (iii) the PU loop method. In this study ¢
was calculated with the PU loop method, introduced by Khir et al. [109].
According to this technique, measured P and U are plotted together and the
linear slope of the initial portion of the obtained loop yields a value equal to pc,
according to the waterhammer equation [110] which relates dP and dU as
follows:

dP, =*pcdU, Eq.6
The first published example of a PU loop is provided in Figure 2.8. [109].

It has been shown that calculation of ¢ with the PU loop method is sensitive to
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the choice of the linear part [109] and to the properties of the vessel’s wall [111].
In the course of data analysis the linearity of the linear part was ensured by
aligning the P and U signals using a different number of shifts, hence producing
a series of PU loops for each measurement and identifying the one with the
most linear part. This method, used to guard against erroneous selection of the
linear part of the loop, has also been automated [112].

In relation to WIA clinical relevance, Sugawara et al., in describing a non-
invasive Doppler technique for dl acquisition, refer to d/ as “a hemodynamic
index, which can evaluate the working condition of the heart interacting with the
arterial system” [113]. WIA has been previously applied in the aorta [114], the
coronary circulation [115], the left ventricle [116], the pulmonary circulation
[117], the carotid artery [118] and the peripheral circulation [119].

The reason for applying WIA in this study was to investigate the waves
associated with balloon inflation and deflation. Further, given that the energy
carried by a wave (/) can be calculated by integrating d/ in the time span of
interest as:

I= ]'dldt Eq.7

Ty

with fp and t; being the onset and the end of inflation/deflation it would thus be
possible to estimate the energy carried by the inflation and deflation wave.
Wave intensity analysis has not been applied in the context of
counterpulsation. It is here hypothesised that this time-domain technique that
allows for determining the energy carried by the waves traversing the arterial
system can be used to describe the behaviour of the IAB. In fact, isolating the
waves generated during balloon inflation and deflation, it is possible to calculate

the energy associated with either phase. Changes in wave energy may describe
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the operation of the balloon in addition to the established parameters of diastolic
pressure augmentation, end-diastolic pressure reduction and coronary

perfusion augmentation.

=

Figure 2.7: Example of wave intensity analysis, representing the first
measurement of wave intensity in man, measured in the human ascending
aorta in the original wave intensity study by Parker and Jones in 1990 [101]. P =
measured pressure, U = measured velocity and dl = calculated net wave
intensity.

3.4 T T T T T

Figure 2.8: PU loop method as measured in the main pulmonary artery by Khir
et al. in 2001 [109]. The slope of the dashed line indicates wave speed,

c= Lap , with P = pressure, U = velocity and p = fluid density.

pdu
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CHAPTER 3
PRELIMINARY ASSESSMENT OF BALLOON VOLUME DISPLACEMENT

IN A STRAIGHT COMPLIANT TUBE

3.1. Introduction

Current knowledge about the IABP and balloon mechanics does not
include information about the amount of fluid volume which is displaced at the
extremities of the balloon during inflation. The importance of quantifying volume
displacement lies in its relation to the hemodynamic benefit achieved during
inflation (augmentation of coronary perfusion due to additional volume displaced
in the retrograde direction).

One benefit of an in vitro study is the possibility of reducing the
complexity of a setup in order to get insight into the question — what is the
amount of volume displaced by the balloon in the retrograde direction? — before
moving into more complex and more anatomically relevant settings, such as an
artificial aortic model (Chapter 4, 6 and 7).

In the light of this consideration, preliminary measurements have been
carried out in a single straight tube, aiming to quantify the volume displaced by
the inflating balloon for different balloon sizes both at the horizontal and angled
positions. Also, the following hypothesis was put forward in relation to volume
displacement: considering that the IAB displaces fluid on both sides when

inflating and that a pressure gradient is required in order to drive the flow, a

' Partly published in: G Biglino, M Whitehorne, JR Pepper and AW Khir, Pressure and flow-
volume distribution associated with intra-aortic balloon inflation: an in vitro study, Artif Organs
2008; 32(1):19-27
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pressure locus (indicating maximum pressure) should be located along the IAB
length. The measurements aim to verify this hypothesis.

Finally, this experiment also allows the investigation of the effect of
balloon shape on volume displacement and pressure locus distribution, by
including both cylindrical and tapered balloons. The tapered balloons are
characterised by either decreasing or increasing diameter from the catheter to

the tip (TDD and TID respectively, see Chapter 2, Figure 2.2).

3.2. Materials and methods
3.2.1. The setup

A schematic representation of the complete setup and an image of the
same setup are shown in Figure 3.1. Measurements were carried out using four
sized cylindrical balloons: 25, 34, 40 and 50 cc (Datascope). Tapered diameter
balloons (TID and TDD) were also tested. All balloons were inflated once from
standstill with the IABP (CS 100, Datascope) set at 1:3 assisting frequency, in
order to isolate one balloon cycle and studying a single beat. Heart rate was set
at 80 bpm. Heart rate settings and triggering of the IABP were provided by a
patient simulator (System trainer 90 series, Datascope) with the ECG set at
sinus rhythm.

The balloons were inserted into a straight latex tube (2.4 cm ID, 82 cm
long). A latex tube was chosen because latex is commonly used to mimic the
elastic properties of blood vessels’. All balloons were positioned so that the
centre of the IAB chamber and the centre of the latex tube coincided.

The tube was submerged into a water-filled Perspex tank (room

temperature 20°C). It was positioned both horizontally and diagonally (at 19°

" Unpublished results from a tensile strength experiment carried out within the Biofluid
Mechanics group of Brunel University has shown that Young’s modulus (E) for a latex tube of ID
=2.4 cmis E = 0.82 MPa and that of an aortic specimen is E = 0.72 MPa.
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hinged at the catheter, the maximum angle achievable due to the dimensions of
the water tank). The ends of the latex tube were attached to the rigid plastic
connectors of the water tank and these were in turn connected to two lateral
rubber tubes linking to two upper reservoirs providing head pressure (Phead)-
Because of the thin-walled latex tube, Preaq could not be in a physiological
range and was kept constant throughout the measurements at 24 mmHg.

The setup was built as symmetrical as possible, to avoid the balloon
working against different impedance either at the tip or the catheter side, using
lateral tubes of same size and length.

Simultaneous pressure and flow rate measurements were taken at
regular spatial intervals along the latex tube. The intervals were 5 cm apart for a
total of 13 measurement sites, with site 7 coinciding with the centre of the
balloon and the centre of the latex tube for all the balloons tested. Pressure was
measured with a transducer-tipped catheter (Gaeltec, Isle of Skye, UK) which
was always calibrated before the measurements. Flow was measured with a
snugly fitting 24 mm ultrasound flow probe (Transonic, Ithaca, NY, USA) and
calibration of the probe was based on the flow meter (T206, Transonic) internal
calibration factor, fixed at 1 V = 20 I/min. In order to avoid interference between
the ultrasound flow probe and the pressure catheter, the latter was always
positioned just outside the region occupied by the probe at the same measuring
site.

In order to ensure the reproducibility of the data, 5 measurements were
repeated at each measurement site for all balloons tested. Also, as
demonstrated in the following section (3.2.2), the direction of balloon insertion

did not affect the recorded signals.
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IABP

Figure 3.1: Schematic representation of the experimental setup (above). The
latex tube is shown in the horizontal (a) and angled (b) position, submerged in
the water tank (c). The upper reservoirs (d) provide head pressure. The balloon
(e), inflated by the external IABP, is inserted in the latex tube. Measurement
sites (1-13) are equally spaced 5 cm apart and site 7 corresponds to the centre
of the balloon and of the latex tube. In the picture (below) the latex tube,
submerged in the water tank, is shown in the angled position. The marks
indicating the 13 measurement sites are visible on the tube. The pressure
catheter is at site 1, as indicated by the red arrow.
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3.2.2. Insertion of the balloon catheter

In order to confirm that the direction of insertion of the balloon catheter
does not have an effect on the measured signals, a simple test was performed.
A 40 cc cylindrical balloon (Datascope) was positioned into the latex tube of the
setup described in Figure 3.1, with the centre of the balloon coinciding with the
centre of the tube. Flow measurements were taken at two symmetrical points 15
cm away from the extremities of the tube with a 24 mm ultrasound flow probe
(Transonic) and were repeated with the balloon inserted both from the right- and
from the left-hand side (Figure 3.2). Measurements showed that similar flow
patterns occur at the location distal from the balloon tip (retrograde) as well as
at the location where the catheter is present (antegrade), whether the balloon is
inserted from the right- or the left-hand side. This is shown in Figure 3.3.

Based on these measurements, it was thus concluded that the direction
of insertion would not have an effect in this study, provided that the setup was
symmetrical. All balloons in the described experimental setup were inserted

from the same side.

Retrograde flow, tip Antegrade flow, base

1 I
<

15cm

Figure 3.2: Arrangement for testing the effect of the direction of insertion of the
IAB catheter. Tip flow and base flow were measured at symmetrical points, as
indicated by the arrows. Measurements were repeated with the balloon inserted
from the right- and the left-hand side.
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Figure 3.3: Measurements of tip flow (top) and base flow (bottom) indicated that
very similar flow is measured whether the balloon is inserted from the right- (red
line) or left-hand side (blue line) in the setup shown in Figure 3.2, demonstrating
that the direction of insertion of the catheter did not affect the measurements.
3.2.3. Data analysis

Data were sampled at 500 Hz using in-house software written in LabView
(National Instruments, Austin, TX, USA) and data analysis was later carried out
using MatLab (Math Works, Natick, MA, USA). From the pressure signal, values
of peak pressure during inflation (Pmax) were obtained at each of the thirteen
measurement sites. Flow velocity (U) was determined dividing the measured
flow rate (Q) by the cross-sectional area (A) of the probe, U = Q/A.

Knowledge of inflation and deflation timing of the balloon was gained

from the balloon shuttle gas pressure waveform (Figure 3.4) as obtained from
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the IABP diagnostic output, a port on the back of the IABP allowing extraction of
signals including shuttle gas pressure. Three phases were distinguished: 1)
rapid inflation of the balloon, 2) the balloon is fully inflated, 3) deflation of the
balloon. Combining information about balloon timing with the Q signal it became
evident that even before the deflation phase starts there is a significant amount
of negative Q. Since from the clinical point of view coronary perfusion
augmentation during inflation is achieved by the net fluid volume displaced in
the retrograde direction, in the present study only positive Q peak was
integrated for quantifying volume displacement due to inflation. This quantity
represents the retrograde contribution or “retrograde push” of the balloon.
Retrograde volume displacement is defined V,, and volume displacement in the

antegrade direction is defined Vgown.

300
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-300 ‘ \ ‘ \ ‘ \ ‘ \ ‘ \ ‘ \
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Figure 3.4: Example of balloon shuttle gas pressure as obtained via the
diagnostic output of the IABP, showing (phase 1) the balloon being inflated,
(phase 2) the balloon fully inflated and (phase 3) the balloon being deflated.
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However, preliminary analysis of the Q signal showed that still during the
inflation phase a varying amount of negative Q. This is shown in Figure 3.5.
Effectively the correct value of V,, representing the retrograde contribution or
“retrograde push” of the balloon, is represented by the integration of the positive

peak on the Q signal during the inflation phase.

Flow (I/min)
o
|

inflation

B s

e e mmmmm e o
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time (s)
Figure 3.5: Example of a flow measurement in a site along the latex tube away
from the balloon, showing negative flow before the onset of deflation (solid grey

area). The amount of retrograde volume (V) is obtained from integration of the
positive peak during inflation.

Having thus defined V., the same principle can be applied for the
definition of Vgown, Only in the antegrade direction. Also, in order to allow
immediate comparison between the horizontal and angled positions for balloons

of different size and shape, the quantify of “volume split” is defined, where

up

VolumeSplit =

down
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3.3. Results

The presence of a pressure locus along the balloon was confirmed by
Pmax results and, for all horizontal cylindrical balloons, it was located at the
centre of the balloon (measurement site 7), as shown in Figure 3.6a. When the
balloons were tilted, the effect of hydrostatic pressure was subtracted from the
Pmax results by taking into consideration the pulse amplitude with respect to
Phead, hence (Pmax-Pread)- Again, for all cylindrical balloons the locus was at site
7, as shown in Figure 3.7a. Interestingly, for the tapered balloons the locus
corresponded to the area of maximum balloon diameter, both for the horizontal
and angled case, as shown in Figure 3.6b and 3.7b.

Flow results indicated that, in the horizontal case, the inflating balloon
displaces more volume in the retrograde direction, as demonstrated by the
volume split > 1 across all balloon sizes and shapes. All volume results are
reported in Table 3.1.

When the balloon was tilted, a reduction in V, was measured across the
range of tested balloons. Consequently, the volume split yielded smaller values
with respect to the horizontal case. To illustrate graphically the reduction in
retrograde volume displacement associated with the increase in angle, the case

of the 50 cc balloon is shown in Figure 3.8.
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(a)
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(b)
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Figure 3.6: Pmax measurements for horizontal cylindrical balloons (a) of different
size (25, 34, 40 and 50 cc). The position of the pressure locus was established
at the centre of the balloon, site 7. Pnax results for the tapered balloons in the
horizontal position (b) showed that both for the TDD and TID shapes the
pressure locus moved from the centre to the region of larger diameter, site 9 for
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the TDD and site 5 for the TID.
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(a)

Pmax'Phead (mmHg)

(b)

Pmax'Phead (mmHg)

2 3 4 5 6 7 8 9 10 11 12 13
Measurement site

2 3 4 5 6 7 8 9 10 11 12 13
Measurement site

Figure 3.7: At an angle, pulse pressure (Pmax—Pheaq) indicated that, despite the
effect of hydrostatic pressure, the pressure locus for the cylindrical balloons (a)
was still located at site 7. Similarly, (Pmax—Pheaq) for the TDD and TID shapes
(b) confirmed the presence of the pressure locus at the region of larger
diameter, site 9 for the TDD and site 5 for the TID.
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Horizontal Angled
Vup (ml) Vaown (ml) Sp/if Vun (ml) Vdown (ml) S,O/it
1and 13| 14.3+0.8 10.5+1.5 1.4 |11.1+1.9 9.0%1.5 1.2
2and 12| 155+1.2  11.1+1.3 1.4 112.8+1.3 12.241.1 1.1
25cc 3and11 | 17.0+1.3 12.3+0.9 1.4 /114.6+0.8 12.0x1.6 1.2
4and 10 | 15.1£0.9 11.9+1.2 1.3 |13.4109 128+2.0 1.0
5and9 | 16.741.8 11.2#41.6 1.5 |13.3t2.0 15.8+1.1 0.8
1and 13 | 13.9+2.6 8.7t1.5 1.6 |12.581.3 14.7+1.1 0.8
2and 12| 20.3x1.2  14.6+2.2 1.4 115.1+09 16.3x0.9 0.9
34cc 3andi11 | 18.3+1.0 15.3+1.0 1.2 116.9409 17.9+1.8 09
4and 10| 20.8t2.3 13.2+1.4 1.6 |14.5#1.5 143+1.6 1.0
5and9 | 24.2+0.8 13.8¥1.5 1.8 |16.2+41.7 152+1.0 1.1
1and 13| 20.8+1.6  10.9+2.1 1.9 116.6x1.0 14.0x1.4 1.2
2and12 | 22.1+1.6  12.3%0.9 1.8 |18.4x1.6 16.1+2.1 1.1

Balloon  Sites

400 500 11| 224509 143+1.7 1.6 |19140.8 179413 1.
4and 10 | 20.8421 148415 1.4 |17.9+1.5 189+1.3 09
Tand 13| 220412 127410 1.7 |1524156 153413 1.0
0o 2and12|257:07 145:08 1.8 182418 17.9:07 1.0

dand 11| 28.241.5 10.841.7 2.6 |22.5+0.7 18.5+2.0 1.2
4and 10| 26.1+0.8 18.2+1.6 1.4 |23.8%0.6 19.8+1.7 1.2
1and 13| 16.2+2.0 10.3+2.0 1.6 |12.7:23 13.0+0.8 1.0
TDD 2and12| 17.9+#1.3 13.1#0.9 1.4 [15.0+1.7 14.0+1.0 1.1
3and 11| 21.0#1.4 164+1.7 1.3 |17.541.8 13.1+1.7 1.3
1and 13 | 16.210.8 8.5+1.9 1.9 |{13.5+1.9 10.1%1.1 1.3
TID 2and12| 14.9+1.8 9.7+1.8 1.5 |152+0.9 13.8+1.4 1.1
3and 11| 17.041.6  12.341.1 1.4 [17.541.4 146+1.2 1.2

Table 3.1: Volume displacement in the retrograde (V,,) and antegrade (Vown)
directions reported for all balloons both at the horizontal and at an angle (199.
The volume split is defined as (Vup/Vaown).
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Figure 3.8: A reduction in retrograde volume was measured at an angle (19°,
circles) compared to the horizontal (diamonds). This figure shows the example
of the 50 cc balloon. Each point is the average of 5 measurements.

3.4. Discussion

In this study the retrograde volume displaced by inflating balloons of
different sizes and shapes was quantified and the results indicated that (1) a
horizontal balloon displaces a larger proportion of its nominal volume in the
retrograde than in the antegrade direction, and (2) this amount is reduced if the
balloon is inclined. The second point is particularly clinically relevant, because it
suggests that the benefit of inflation (augmentation of coronary perfusion) may
be reduced for patients nursed in the semi-recumbent position, in agreement
with previous observations [90].

Looking at the volume results in Table 3.1 it is worth noting that, for a
same balloon, V,, and Vgown are not constant at adjacent measurement sites,

with a tendency for both to decrease towards the extremities of the latex tube
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(sites 1 and 13). Despite the fact that, according to the law of conservation of
mass, constant Vy, and Vgown Would be expected at subsequent sites, this
variation can be attributed to the highly compliant wall of the latex tube which
can accommodate part of the volume displaced by the inflating balloon. It is
likely that, when measuring at the extremities, a larger proportion of balloon
volume would be stored in the compliant wall between the balloon tip/base and
the measuring site, hence resulting in the ostensibly observed reduced values
of Vyp and Vgown.

A methodological observation arising from this experiment concerns the
quantification of V,, which should not be based on integration over the duration
of balloon inflation, but rather considering only the “retrograde push” of the
inflating balloon. As shown in Figure 3.5, an amount of negative flow is detected
before the onset of deflation, this observation being applicable to different
balloon sizes and shapes. This observation has been further validated by
means of an ad hoc Particle Image Velocimetry (PIV) study, whose results are
reported in Appendix A. This consideration will be taken into account for flow
quantification in more physiological setups described in following chapters.

The newly shaped tapered balloons exhibited a different pressure locus,
representing the point of separation of Vy, and Vgown, Which in this case was
associated with the region of maximum diameter of the balloon chamber.
Despite this difference, volume results do not suggest that a substantial
augmentation in Vy, may be achieved by either of the tapered balloons.

The low level of head pressure was a limitation in this experiment, since
physiological levels of “intra-aortic” pressures could not be simulated. This was
due to the inability of the thin walls of the latex tube to withstand higher

pressures.

59



Chapter Three — Latex tube

Another limitation of this experiment is related to the uniform cross-
sectional area of the single tube that was used. Tapering of the aorta and
branching were not simulated.

On the other hand, the flow distribution during balloon inflation and the
concept of the pressure locus were established. On the basis of these initial
observations, more physiological setups are used in further studies of this
thesis, both in terms of physiological head pressure and in terms of geometry.

Overall this chapter focused on the inflation phase, from the point of view
of both the pressure locus and the volume split. The importance of the deflation
phase (clinically, the unloading action on the recovering myocardium) is

however acknowledged and deflation will be studied in the following chapters.

3.5. Conclusion
This experiment provided the primary understanding of the flow
distribution around the balloon during inflation. Experiments with more

physiological pressure are presented in Chapters 4 and 5.
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CHAPTER 4
THE EFFECT OF CHANGES IN TRANSMURAL PRESSURE

ON BALLOON MECHANICS?

In this chapter pressure and flow measurements are carried out in a
more anatomically correct setup to investigate the effect of varying intra-luminal
pressure, resulting in varying transmural pressure, on balloon mechanics. It is

also attempted to observe these changes on the wave intensity pattern.

4.1. Introduction

Studies in the literature regarding the IABP have highlighted that the
effectiveness of intra-aortic counterpulsation is dependent on the level of aortic
pressure. Specifically, Charitos et al. conducted a study on the effectiveness of
counterpulsation on fourteen dogs with severe cardiogenic shock, dividing the
results in three groups: (1) with systolic aortic pressure less than 30 mmHg, (2)
with systolic aortic pressure more than 30 mmHg and less than 56 mmHg, and
(8) with systolic aortic pressure more than 56 mmHg. Assistance was
considered adequate when mean aortic pressure was at least 50 mmHg during
support. The authors concluded that low level of aortic pressure is the major
factor preventing sufficient assistance by counterpulsation [120]. Before this
study, Moulopoulos, assessing the limits of counterpulsation, already identified
aortic pressure < 60-70 mmHg as an impediment to adequate counterpulsation

support [121].

 Partly in: G Biglino, C Kolyva, M Whitehorne, JR Pepper and AW Khir, Variations in aortic
pressure affect the mechanics of the intra-aortic balloon, Artif Organs (in press)
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Following from these observations, the importance of investigating the
effect of changes in intra-luminal pressure (P;j) on balloon hemodynamics is
clinically related to the case of non-normotensive patients. In addition, in the
case of patients nursed in the semi-recumbent position, the change in posture
implies non-uniform distribution of P; along the balloon. The aim of this chapter
is to investigate the effect of variations in P; on IABP mechanics. The balloon
will be tested in a more physiological setup allowing measurements at a range
of angles to the horizontal, as described in section 4.2. As part of this
investigation, wave intensity analysis will be performed and so an additional aim
is to identify the wave intensity pattern associated with the intra-aortic balloon

cycle in vitro quantifying the IABP-waves under different P; conditions.

4.2. Materials and methods

A schematic representation and a picture of the setup are shown in
Figure 4.1. A 40 cc balloon (Datascope) was inserted into an artificial real-size
silicone aorta’. The aorta was a simplified model, consisting of ten main
branches: right and left coronary, right and left carotid, right and left subclavian,
mesenteric, renal, right and left iliac. The balloon was inserted via the right iliac
branch. The aorta provided an anatomically correct environment, including
aortic tapering, and silicone ensured adequate elastic properties. However, the
artificial aorta accounted for only ten branches and the aortic arch was

straightened.

¥ This artificial aortic model was manufactured by the Hydraulics Laboratory of the University of
Ghent (Belgium). This is a silicone model. The compliance of a similar silicone rubber arterial
tree from the same Laboratory was described as physiological in a study by Vandenberghe et
al. [138].
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The system was filled with water and both the inlet of the aorta and the
collection of all the branches were connected to an overhead reservoir providing
head pressure. The aorta was positioned on a hinged wooden platform which
was constructed so that measurements could be performed at a range of
angles. With reference to the semi-recumbent position in the ICU [88, 89],
angles of 0, 10, 20, 30 and 45° were tested in the study.

The balloon was driven by the external IABP (System 98, Datascope).
Settings of the pump were constant throughout the experiments and were
controlled via the IABP panel and with a patient simulator (System Trainer 90
Series, Datascope). The pump was triggered with the ECG signal provided by
the patient simulator, set at sinus rhythm. Heart rate was set at 60 bpm and
assisting frequency was set at 1:3. The balloon was inflated and deflated once
and each measurement was repeated three times.

Both P; and flow (Q) were measured simultaneously 5 cm retrograde
from the tip of the balloon. Measurements of P; were taken with a 5F
transducer-tipped catheter (Gaeltec) inserted via the left iliac branch.
Measurements of Q were taken with a 28 mm ultrasonic flow probe (Transonic)
snugly fitted at the straightened aortic arch. Shuttle gas pressure (Pshutie) Was
also measured as a reference of the balloon cycle and another 5F transducer-
tipped catheter (Gaeltec) was used for this purpose.

Measurements were first taken at the horizontal position increasing P;
from 45 to 115 mmHg. Then measurements were repeated both at low P; (45
mmHg) and at high P; (115 mmHg) over the range of angles up to 45°. Data
were collected at 500 Hz with Labview (National Instruments) and later
analysed in Matlab (The Mathworks). Results are shown as the average of

three measurements = SD.
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A sample of the P; and Q signals is provided in Figure 4.2.

In order to assess the operation of the balloon, two main parameters
were quantified:

(a) retrograde volume displacement in the direction of the coronary
circulation (Vp), calculated by integrating the positive peak of the Q signal and
regarded as an indicator of the augmentation in coronary perfusion associated
with balloon inflation, and

(b) end-diastolic pressure reduction (EDPR), defined as the negative
pulse with respect to the undisturbed initial P; and considered an indicator of the
unloading action of balloon deflation.

Both V,, and EDPR are shown in Figure 4.2, together with Pghye.

As part of the analysis, wave intensity, dl = dPdU, was also calculated.
As already mentioned in section 2.4., the pressure and velocity differentials are
related by the waterhammer equation (Eg. 6) and in this study knowledge of
wave speed ¢ was obtained with the PU loop method [109]. An example of PU
loop computed from the data collected during this experiment is shown in Figure
4.3, highlighting the slope of the loop which is equal to pc.

By integrating the dl signal it is possible to calculate the energy carried
by a wave (Eq. 7). Once the waves associated with balloon inflation and
deflation in vitro had been identified, their energy was calculated for the different

experimental cases.
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(a)

Flow

\ Pressure \_]

(b)

Figure 4.1: Schematic representation (a) of the artificial aorta (blue), positioned
on the inclined platform to simulate the semi-recumbent position. All branches
of the aorta were collected in one common output (grey) and, together with the
inlet of the aorta, were connected to the overhead reservoir providing head
pressure. In the picture (b) the IABP (1), the overhead reservoir (2) and the flow
and pressure measuring consoles (3) are indicated.
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Figure 4.2: Representative measurements of flow (top) and pressure (middle) in
the artificial aorta, with the shuttle gas pressure tracing (Pshume, bottom) as
reference of the balloon cycle. Volume towards the coronary circulation (Qyp) is
shown on the flow tracing and end-diastolic pressure reduction (EDPR) on the
pressure tracing. On Pgspue it is possible to distinguish the three phases of the
balloon cycle: (a) the balloon being inflated, (b) the balloon remaining inflated,
(c) the balloon being deflated.
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Figure 4.3: A sample of a PU loop, calculated with P and U data from the
artificial aorta. The slope of the initial linear part of the PU loop (highlighted in
red) is equal to pc, where p is fluid density and c is wave speed. The arrows
indicate the direction of the loop. This method requires pressure to be plotted in
Pascals (Pa) and velocity in m/s.

4.3. Results
4.3.1. The horizontal case
Measurements of P; in the horizontal artificial aorta showed that
increasing P; from 42.5 to 114.9 mmHg resulted in a 149% increase of EDPR
(446 + 0.9 vs 111.2 £ 1.9 mmHg). This is shown in Figure 4.4. The
corresponding Q measurements showed that increasing P; over the same range
resulted in an 18% reduction of V, (30.4 + 1.9 vs 25.0 + 1.0 ml). This is shown

in Figure 4.5.
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Figure 4.4: End-diastolic pressure reduction (EDPR) is increasing with

increasing intra-luminal pressure. Results are shown as the average of three
measurements + SD. Error bars are scarcely visible because SD < 2 mmHg.
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Figure 4.5: Measurements of V,, with increasing intra-luminal pressure,
showing that an increase of 70 mmHg in P; results in an 18% reduction of V
(304 + 1.9 vs 25.0 * 1.0 ml). Results are shown as the average of three

measurements + SD.
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4.3.2. The angled case
Measurements in the inclined artificial aorta at low P; (45 mmHg) and
high P; (115 mmHg) showed a statistically significant correlation (R = 0.98, p <
0.005, both at low and high P;) between EDPR and angle. This is shown in
Figure 4.6. At the low P; case, EDPR was reduced by 66% (48.9 + 0.6 vs 16.5 £
0.1 mmHg) with increasing angle from 0 to 45°. At the high P; case and the

same range of angles, EDPR was reduced by 24% (106.4 + 0.3 vs 80.6 =+ 0.8

mmHgQ).
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Figure 4.6: EDPR reduction with increasing angle, both at low P; (45 mmHg,
“e”) and high P; (115 mmHg, “0”). Results are presented as the average of three
measurements *+ SD, but error bars are not visible since all SD values are small

(< TmmHg).
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Flow measurements in the inclined aorta at low P; (45 mmHg) and at high
Pi (115 mmHg) showed that it was differently affected by increasing angle
depending on the level of P. In fact, Vy, progressively reduced with increasing
angle at low P;, as shown in Figure 4.7, resulting in a 30% reduction in V,, at
45°(28.3 £ 1.7 vs 19.8 + 2.3 ml). Instead, V,, was overall lower and it remained
unchanged with increasing angle at high P;, as also shown in Figure 4.7, with an

average value of 20.0 + 1.0 ml.

16 T ' T ' T ' T ' T ' |
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Angle (°)

Figure 4.7: Variations of Qy, in the inclined artificial aorta were affected by the
level of intra-luminal pressure: at low P; (45 mmHg) Q. is reduced with
increasing angle (“e”) while at high P; (115 mmHg) Q,, is constant and overall
lower (“0”). Error bars represent SD and each point is the average of 3
measurements.
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4.3.3. Wave intensity analysis

Applying wave intensity analysis, it was possible to identify the wave
pattern associated with balloon inflation and deflation. Balloon inflation
generated a compression wave, while balloon deflation generated an expansion
wave. These waves, and their reflections, are shown in Figure 4.8. These
waves travel in the backward direction and hence they are named ‘backward
compression wave’ (BCW), for the inflation wave, and ‘backward expansion
wave’ (BEW), for the deflation wave.

From integration of the dl signal, it was possible to calculate the energy
carried by the waves associated with inflation and deflation. Integration of the
BCW showed that, when the aorta was horizontal, increasing P; resulted in a
substantial reduction in BCW energy. Increasing P; from 42.7 to 114.7 mmHg
corresponded to a 38% reduction in BCW energy (0.128 = 0.009 vs 0.079 +
0.002 J/m?). This is shown in Figure 4.9.

Integration of the BEW showed that, when the aorta was horizontal,
increasing P; resulted in a substantial increment in BEW energy. Increasing P;
from 42.7 to 114.7 mmHg corresponded to a fifteen-fold increase in BEW

energy (0.0093 £ 0.007 vs 0.1475 £ 0.003 J/mz). This is shown in Figure 4.10.
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Figure 4.8: Wave intensity (dl) pattern associated with the balloon cycle. The
backward compression wave (BCW) associated with balloon inflation and the
backward expansion wave (BEW) associated with balloon deflation are
highlighted on the plot. Net dI, dI+ and dl- can be distinguished on the plot.
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Figure 4.9: The energy carried by the compression wave associated with
balloon inflation (BCW), as quantified by integrating the dl signal over the
duration of inflation, decreased with increasing P, Results are shown as the
average of three measurements = SD.
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Figure 4.10: The energy carried by the expansion wave associated with balloon
inflation (BEW), as quantified by integrating the dl signal over the duration of
deflation, increased with increasing P;. Results are shown as the average of

three measurements + SD.
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4.4. Discussion

Balloon mechanics are affected by changes in intra-luminal pressure, P;,
both in the case of a horizontal balloon, with uniform P; acting on it, and in the
case of a tilted balloon, with varying P; along its length. The effect of P; was on

pressure and flow data as well as on wave intensity.

4.4.1. Volume displacement

In terms of volume displacement, the effect of increasing P; was that of
reducing retrograde volume V. This is shown in Figure 4.5.

It was also found that not only does increasing P; correspond to reduced
Vo, but also that V, correlated significantly with duration of inflation (R®=0.52,
p < 0.005). The inverse correlation between V,, and duration of inflation, shown
in Figure 4.11, signifies that a considerable increase in P; around a horizontal
balloon results in a smaller amount of V, being displaced in longer time. In this
thesis, knowledge of duration of inflation was obtained by means of the high-
speed visualisation study presented in Chapter 5, which also highlighted that
the effect of increasing P; on duration of inflation. As direct comparison of data
from Chapter 4 and 5 will be affected by the different experimental setups that
were used, in the context of this experiment an indication of the duration of
inflation was however derived from the Pshume Signal for the corresponding
measurement. An example of Pghue Signal is provided in Figure 4.2. As
previously described (Figure 3.4) the phases of “balloon being rapidly inflated”
and “balloon remaining inflated prior to onset of deflation” can be distinguished

on the Pshutiie Signal. The phase of “balloon being inflated” was used in this case.

74



Chapter Four — Intra-luminal pressure

0.5
y =-0.01x + 0.60
R2 = 052, p < 0.005
0.4 .
|
©
£
< 0.3
Q
IS
i 1
0.2
Ol 7771 T T 1
22 24 26 28 30 32 34

Vyp (ml)
Figure 4.11: Inverse correlation between retrograde volume (V) and the

duration of inflation. The correlation is based in measurements in the horizontal
artificial aorta.

In order to explain the effect of increasing P; on V,, the effect of varying
transmural pressure on the volume displaced by the balloon during inflation was
investigated. This was done by submerging the same balloon (40 cc) in a water
bath with minimal water height above the balloon. Transmural pressure (P;) was
then varied in steps by keeping P; constant and manually inflating the balloon
using gradually higher pressures. The volume (V) displaced by the balloon was
collected for each measurement with a measuring cylinder. A relationship was
thus obtained, between P; and V, resulting in the curve shown in Figure 4.12.

The transmural pressure curve (TPC) exhibits two regions: (a) a linear
region at low Py, with V increasing with increasing P and (b) a near-plateau

region at high P; (> 50 mmHg), with constant V for increasing P:. In the plateau
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region the balloon can displace its total nominal volume and, for very high P,
even more than its total nominal volume (for example, 45.5 ml at P, = 185
mmHg displaced by the 40 cc balloon).

The shape of the TPC relates in fact to the mechanical properties of the
balloon flexible membrane. Adopting the terminology used by Pedley [122] and
Shapiro [123] in the field of collapsible tube theory, in the case of low P; the
partial collapse of the wall is balanced by the bending stiffness of the balloon
membrane. On the other hand, at high Py, stretching is supported by hoop
tension. As a result of this, the changes in balloon cross-sectional area resulting
by bending or stretching explain the ability of the balloon to displace either more
or less than its total nominal volume, depending on the level of Pi. Bending and

stretching for a flexible membrane segment are visually represented in Figure

4.13.
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Figure 4.12: Relationship between increasing transmural pressure (P:) and
balloon volume (V). The curve can be divided into two regions: (a) linearly
increasing region, at low Py, and (b) near-plateau region, at high P;.
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(a) Bending

(b) Stretching

Figure 4.13: Bending (a) and stretching (b) of a thin shell, with, in the (a) case,
M, and My = meridional and hoop moments, Q, = out-of-plane shear force and
p» = externally applied normal force per unit surface area of the shell during
bending, and, in the (b) case, N, and N = meridional and hoop stresses and ps
= externally applied normal force per unit surface area of the shell during
stretching. Image from [124].
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Having also obtained the curve for different balloons confirming its
reproducibility (as reported in Appendix B), it is worth noting that the TPC does
not intend to mimic or model the clinical setting but rather to isolate the
mechanical properties of the balloon, reducing the number of variables acting
on it.

The TPC was a useful tool for understanding the effect of P; on volume
displacement. The TPC can also be read in terms of Pj;, since the same
variations in P; across the IAB membrane can be induced by either changing
pressure inside the balloon and keeping P; constant or by keeping pressure
inside the balloon constant and varying P;. In fact, the latter case is a more
accurate approximation of the way changes in P; are induced across the
membrane when the balloon is operated with the IABP.

The way the TPC can be read in terms of P; is demonstrated in Figure
4.5, showing V, for the 40 cc balloon: for points at low P; (high Py) V,, remained
constant (~30 ml) corresponding to the TPC plateau phase, followed by a drop
in Vye at high P; (low Py), corresponding to the linear part of the TPC. These
observations on V, refer to the horizontal case, but results showed that, when
the artificial aorta was inclined, V, also varied differently depending on the level
of Pi. The link between changes in V,, and increasing P; lies in the fact that
when the balloon membrane is operating in the linear part of the TPC (bending
mode) the cross-sectional area decreases at each increment in P;, eventually
reaching a point at which P; would be so high that the P; acting on the balloon
membrane would be too low to allow its expansion (= no inflation). This
relationship showing the gradual increase in balloon cross-sectional area with

increasing P; (decreasing P) is depicted in Figure 4.14.
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Figure 4.14: Relationship between increasing transmural pressure (P:) and
balloon volume highlighting the changes in cross-sectional area of the balloon
with varying P;. The changes in balloon cross-sectional area deriving from the
balloon membrane bending (at low P:) or stretching (at high P;) explain the
ability of the balloon to displace more or less than its total nominal volume.
Image redrawn from [125].

The TPC can be further exploited to further investigate the behaviour of
the balloon with varying P if translated in terms of stress and strain. In a typical
stress-strain plot, the phase of elastic deformation corresponds to the linear part
of the curve, the slope of which yields Young’s modulus E. In the case of the
TPC, a quantity corresponding to strain can be found in the parameter (V-
Vo)/Vo, where V is the measured volume at any given P; and V, is the initial
volume of the deflated balloon. Assuming that in the experimental setting used
for obtaining the TPC 10% of the nominal balloon volume remained in the folds
of the membrane of a totally deflated balloon, for a 40 cc balloon Vo = 4ml.
Transmural pressure can be directly corresponded to stress. The TPC re-
plotted as a stress-strain plot is shown in Figure 4.15 and two regions are

clearly distinct. For the whole range of P; shown in the ‘stress-strain TPC’, the
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balloon membrane is expected to exhibit elastic behaviour only, since the
balloon is designed for use without the need to be replaced mid-treatment due
to degeneration or failure of the material. This suggests that in this case it is
possible to calculate two distinct values of ‘volumetric’ E, above and below the
knee visible in Figure 4.15. In the low P; region E = 1.7 x 10 MPa, while in the
high P; region E = 105 x 10 MPa. The two substantially different values of E
indicate that at low P; the membrane of the balloon is much more easily
deformable than at high P;. Therefore for the same rate of change in Py, a faster
increase in volume during inflation can be expected when the balloon

membrane is operating at low P.
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Figure 4.15: Transmural pressure (P;) is equivalent to stress while a parameter
(V-Vp)/V,y is equivalent to strain, where V is balloon volume at a corresponding
value of P; and V, is the volume of the deflated balloon. The TPC is re-plotted in
terms of stress and strain and Young’s modulus (E) is calculated below and
above the knee in the diagram as the slope of the stress-strain curve.
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4.4.2. Dimensional analysis
The effect of increasing angle on the flow generated by the IAB can also
be investigated by means of dimensional analysis. The pressure differentials
required for the local acceleration, du/dt, and convection, u-du/dx, of the fluid
around the IAB in order to compensate for inertia and for the tapering of the

aorta, respectively, follow from the conservation of momentum equation:

op ou  du
b N B Eq.8
o p(at +”axJ q

where dp = pressure difference, x = position along the axis of the 1AB, p = fluid
density, du = velocity differential and t = time, assuming non-viscous flow
parallel to the balloon axis.

The pressure differential needed for counterbalancing the effect of gravity

induced by the angled position is:

a—‘D:—pg sin Eq.9
ox

where g is the gravitational acceleration and 8 is the angle of the balloon with
respect to the horizontal plane.

Non-dimensional ratios were calculated in order to evaluate the relative
importance of each term with respect to the others, using representative values
obtained from the measurements in the artificial aorta and for x = I, = IAB

length, u = u, = IAB velocity pulse during inflation and t = ti,q = IAB inflation time.

Thus:
LocalAcceleration I, 1
Convection te U,
and
LocalAcceleration u,
Gravitational t,; (gsin )
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Finally, the ratio of convection component over gravitational component
can be derived as the ratio of the previous two ratios.
For example, considering the 10° position of the low P; scenario shown

earlier in Figure 4.7, given | = 0.26 m, in this case u, = 0.408 m/s and tiny =

0.246 s yielding:
LocalAcceleration _ l_,, ' i 026 . | 559
Convection t.. u, 0246 0408
and
LocalAcceleration u, _ 0.408 ~0.98
Gravitational t..(gsinf) 0.246-(9.81-0.173)
which are combined:
LocalAcceleration ' 1 _ Convection 0.38
Gravitational LocalAcceleration  Gravitational
Convection

The Local acceleration / Gravitational and Convection / Gravitational
ratios are presented in Figure 4.16a and 4.16b respectively, including the
examples from above.

The dominance of the gravitational element, both over the local
acceleration component and the convective component, was especially
pronounced at high P; of 115 mmHg, with Local acceleration / Gravitational =
0.18 and Convection / Gravitational = 0.07 at 45°, whereas at P; of 45 mmHg
Local acceleration / Gravitational = 0.34 and Convection / Gravitational = 0.17

at 45°,
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Figure 4.16: Non-dimensional ratios showing the dominance of the gravitational
element in the system both over the local acceleration element (a) and over the
convective acceleration element (b). In both cases, the dominance of the
gravitational element is enhanced by higher intra-luminal pressure.
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4.4.3. End-diastolic pressure reduction

In this study, the effect of varying P; and of the change in P; resulting from
a change in posture was also evaluated in terms of end-diastolic pressure
reduction (EDPR). In the horizontal position higher EDPR was evident at
increased P; (44.6 mmHg at P; = 42.5 mmHg vs 111.2 mmHg at P; = 114.9
mmHg). When increasing the angle at which the balloon is operated, EDPR was
reduced, as shown in Figure 4.6. This result suggests that at least one of the
major hemodynamic benefits of |IAB deflation, namely the unloading action of
IABP during deflation, is compromised by inclination.

Measurements in the artificial aorta were performed with the |AB
pumping with no systolic flow. Therefore end-diastolic pressure reduction could
not be defined with respect to the end-diastolic pressure of a non-assisted heart
beat, as done in clinical studies, but only with respect to the mean pressure of
the standstill conditions (Figure 4.2). This negative pulse in P; was decreased
with increasing angle. The reduction accounted for 32 mmHg at P; = 45 mmHg
and for 26 mmHg at P;= 115 mmHg.

In this study the operation of the balloon was investigated in isolation and
not simulating counterpulsation. However, it can be expected that |IABP
deflation would be less efficient in reducing end-diastolic pressure at an angle
also when counterpulsating with a heart. This case will be simulated (and

confirmed) in Chapter 7.

4.4.4. Considerations on the wave intensity results
Another significant result of this study was the identification of the waves
associated with balloon inflation and deflation in vitro by means of wave

intensity analysis. Wave intensity analysis was applied to in vitro
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counterpulsation and the dl pattern was characterized by a compression wave
(inflation wave) and an expansion wave (deflation wave). Compression waves
increase the pressure in the fluid in which they propagate, while expansion
waves decrease it [101, 126]. It is reasonable therefore to attribute the
compression wave to the push of balloon inflation and the expansion wave to
the suction generated by balloon deflation, as observed.

Regarding the direction in which such waves travel, the waves are
named ‘backward compression wave’ (BCW) and ‘backward expansion wave’
(BEW) since, were a heart present, both these waves would be traveling toward
the heart, in the opposite direction of blood flow from the heart.

In order to further underline the effect of varying P;, it is important to note
that the calculation of energy carried by the BCW showed a marked reduction
with increasing Pi. An increment of P; from 42.7 to 114.7 mmHg resulted in a
38% reduction in the energy carried by the BCW. At high P; inflation of the
balloon is slower, resulting in smaller changes in pressure and velocity, dP and
dU. Smaller dP and dU consequently result in smaller dl from the definition of
wave intensity, and as a result the energy (I) carried by the waves is also
smaller. More interestingly, the change in BCW energy was remarkably similar
to the drop in V,, observed over the same range of P;, with a significant
reduction measured at about P; = 115 mmHg. Likewise, the calculation of the
energy carried by the BEW showed an increase with increasing P;, exhibiting a
behaviour similar to that of EDPR. An increment of P; from 42.7 to 114.7 mmHg
resulted in a fifteen-fold increase in the energy carried by the BEW.

In the light of this remark, it is possible to affirm that at high P; the balloon
not only displaces less volume in a longer time, as explained with the TPC and

with the negative correlation between V, and duration of inflation, but also that
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the BCW generated during inflation carries less energy. Furthermore, it is
evident that the effect on increasing P; is equally visible on V,, and BCW energy
for inflation and on EDPR and BEW for deflation. The potential of WIA to assess
changes during IABP counterpulsation will be further examined in Chapter 7,

where the counterpulsation principle is simulated.

4.4.5. Clinical relevance

The measurements in the artificial aorta suggest that diastolic retrograde
volume augmentation and end-diastolic pressure reduction might both be
compromised when patients are nursed in the semi-recumbent position, as
indicated by the changes in V., and EDPR observed with angle. A backrest
angle of 30-45° [88, 89] can induce a reduction in both V,, and EDPR compared
to the horizontal position, as shown in Figures 4.6 and 4.7.

The effect of P; on IAB hemodynamic benefits can be relevant in the
treatment of non-normotensive patients. Assessing the IABP benefit in terms of
pressure and the unloading action associated with balloon deflation, results
suggest that the benefit will be greater at higher aortic pressure, in agreement
with previous studies [120, 121]. On the other hand, patient studies during
counterpulsation have indicated that mean aortic pressure can be as low as 40-
50 mmHg [127]. Flow results showed that, for this level of P;, V, is larger. This
would suggest a degree of disagreement with the literature. However, to state
this with more certainty it would be at least necessary to establish if this larger
amount of V, corresponds to an actual increase in coronary perfusion. Given
that this data is not available, it is not accurate to state that, in disagreement

with the literature, lower P; can be beneficial in terms of coronary perfusion.
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4.4.6. Methodological considerations

Pressure and flow measurements were performed at angles of 0, 10, 20,
30 and 45° The range of operating angles up to 45° is of clinical relevance,
according to the guidelines regarding nursing patients in the semi-recumbent
position [88, 89]. Measurements were not performed at angles of 65 and 759,
whereas the visualisation study presented in Chapter 4 was carried out up to
75°. The results presented in Figure 5.6 and 5.7 could not be expanded to 65
and 75° because, due to the low P; retrograde from the IAB tip, the ascending
and descending aortic wall collapsed during deflation, inducing noise that
affected the quality of the signals.

The aforementioned TPC (Figure 5.12) was an important tool for the
understanding of the effect of variations in pressure across the balloon
membrane on volume displacement. The experiment conducted for the
acquisition of the TPC was not performed with the IABP, for the specific
purpose of deriving results that would characterize solely the IAB. If the
experiments had been conducted with the IABP, it would have been necessary
to vary P; around the balloon (hence P;) by increasing head pressure modifying
the height of a lateral water column. This would have resulted in the IABP
working against a varying impedance. Also, the ease with which the balloon can
inflate and deflate might act as a varying load for the IABP. Therefore, had the
experiment been conducted with the IABP, it would have been difficult to
deconvolute a change in displaced volume because of the change in P across
the balloon membrane from a change in displaced volume because the IABP
pumped less efficiently. Furthermore, varying head pressure also affects the

duration of balloon inflation and deflation, as will be shown by the visualisation
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study in Chapter 5 (with considerably longer inflation time corresponding to
higher head). As shown in Figure 4.11, longer inflation time correlates
significantly with reduced volume displaced by the balloon, hence affecting the
whole purpose of the TPC.

It was not regarded as necessary to repeat the acquisition of the TPC at
different angles. The same curve recorded at the horizontal position can be
used when the IAB is tilted, but different membrane segments along the |AB will

be having a different working point along the TPC.

4.5. Conclusion

It has been shown that variations in intra-luminal pressure affect the
hemodynamics of the IAB both in terms of volume displacement in the direction
of the coronary circulation and of end-diastolic pressure reduction. For a
horizontal balloon, higher P; resulted in reduced V., and increased EDPR.

The changes in balloon volume displacement have been explained in the
light of the relationship between changes in transmural pressure across the
balloon membrane and balloon volume.

It was also shown that a change in angle, clinically corresponding to the
semi-recumbent position, affects the benefits of balloon inflation and deflation.
This was deduced by the reduction in V,, and in EDPR recorded over the range
of angles 0-45°.

The dominance of the gravitational element on the flow field generated
by the balloon was confirmed by dimensional analysis. The dominance of the
gravitational element was further reinforced at high P;, as indicated by the non-

dimensional ratios.
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Wave intensity analysis was performed and it was thus possible to
identify the compression wave and the expansion wave associated with balloon
inflation and deflation respectively. These pilot results will be expanded in a
more complete physiological setup (Chapter 7) by simulating the principle of
counterpulsation in vitro and obtaining a more complete wave intensity pattern.
In our analysis of the effect of P; on balloon mechanics, it was shown that the
energy carried by the compression wave associated with inflation was reduced
at high P;, exhibiting a behaviour much similar to V,,, and the energy carried by
the expansion wave associated with deflation was increased at high P;, as in the
case of EDPR.

Finally, the current results showed that high P; may reduce coronary
perfusion augmentation, but on the other hand enhance the unloading action of
the balloon. Taking into account the limitations of an in vitro study, in order to
infer the effect of P; in clinical terms, it would be first necessary to establish
whether the changes in retrograde volume displacement correspond to changes
in actual coronary perfusion. On the other hand, it was shown that a balloon
tilted from the horizontal with an initial intra-luminal pressure of 45 mmHg
experiences a substantial reduction in retrograde volume displacement and,
since such a level of mean aortic pressure has been reported for patients
assisted with IABP [127], it can be suggested that in those cases a reduction in

coronary perfusion augmentation could be expected.
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CHAPTER 5

DURATION OF INFLATION AND DEFLATION: VISUALISATION STUDY

Following from the observations on pressure and flow distribution in a
latex tube (Chapter 3) further understanding on how the intra-aortic balloon
works is here gained by means of a visualisation study. Variations in the
duration of inflation and deflation are measured for different angles and varying
initial intra-luminal pressure. Since the balloon was inserted in a glass tube for
visualisation purposes, the effect of varying the compliance of the tube housing

the balloon was also studied by measurements of balloon internal pressure.

5.1. Introduction
In order to investigate the mechanical behaviour of the intra-aortic
balloon, distinguishing it from its hemodynamic benefit, high-speed visualisation
was considered a suitable option.
Previous studies involving visualisation in the context of balloon
counterpulsation mainly include:
i) Bleifeld et al. (1972): the experiments were carried out using the
technique of cineroentgenographic filming in a Perspex case.
Inflation and deflation of a 28 ml balloon were recorded at 80
frames/s. Results showed that balloon dynamics are dependent

on pressure outside the balloon, with inflation and deflation

™ Partly in: G Biglino, C Kolyva, M Whitehorne, JR Pepper and AW Khir, Variations in aortic
pressure affect the mechanics of the intra-aortic balloon, Artif Organs (in press)
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beginning in the part with lowest and highest hydrostatic pressure
respectively [128]

ii) Khir et al. (2005): balloon inflation and deflation were filmed at 125
frames/s with a high-speed camera (Kodak, HG2000) at the
horizontal and vertical positions and three intermediate angles.
Results showed that inflation and deflation were uniform in the
horizontal position, while at higher angles the top of the balloon
inflated first and the bottom of the balloon deflated first [90].

In the light of these studies, the aim of this chapter is to gain further
knowledge on the duration of balloon inflation and deflation, both in the
horizontal and angled positions, using high-speed visualisation. Three different
balloon shapes are included in the experiments (traditional cylindrical and novel
TID and TDD designs). The focus of the visualisations study will be on the
duration and pattern of inflation and deflation. It is also aimed to identify and

distinguish the effect of intra-luminal pressure and angle on these parameters.

5.2. High-speed camera movies: an isolated pulse

In order to understand balloon dynamics both during the inflation and
deflation phases, isolating one balloon cycle was considered the best first step.
It is acknowledged that the IABP is operated continuously in vivo and in fact
filming of the IABP running continuously was also performed (section 5.3.),
however the study of one pulse is regarded as a useful for two main reasons.
Firstly, this mode would allow to study deflation in full, since the deflation period
would not be affected by the onset of the following inflation. Secondly, the
isolated beat mode would also allow to inflate the balloon from standstill, without

the “inheritance” of the previous beat and the flow perturbations resulting from
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it. For these reasons, as described in the following section (4.2.1.), the assisting
frequency settings of the IABP was set at 1:3, allowing sufficient time to isolate

one pulsation.

5.2.1. Materials and methods

Three balloons were studied: cylindrical 40 cc in volume (Datascope),
TDD design and TID design (both 36 cc in volume). All balloons were inserted
in a glass tube (4 cm ID, 84 cm long) for visualisation purposes, with the centre
of the balloon coinciding with the centre of the tube. The glass tube was
mounted on a hinged platform allowing angle variations (0-75°) to simulate the
semi-recumbent position. When angled, the balloon was hinged at the catheter
side. Both extremities of the glass tube were connected via tygon lateral tubes
to an overhead reservoir, providing head pressure. Three different levels of
head pressure were used: low (45 mmHg), medium (80 mmHg) and high (122
mmHg).

Each balloon was inflated and deflated once from standstill. Balloons
were driven by the IABP (System 98, Datascope). With the appropriate patient
simulator (System trainer 90 series, Datascope) IABP settings were fixed on:
assisting frequency at 1:3, maximal volume augmentation and heart rate at 60
and 100 bpm.

Visualisation was performed with a high-speed camera (X-pri, AOS
Technologies, Switzerland) at 500 frames/s. Images were recorded at 600x800
pixels, with shutter time of 1675 ps. In order to increase the quality of the
resolution, DC lights were used to illuminate the glass tube and the water inside
the tube was frequently recycled to prevent bubble accumulation and

consequent increased light reflection. All recording were stored on a PC and
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later analysed frame by frame with image processing software (AOS Imaging
studio, version 2.5.4.1) to determine the onset and the end of inflation and
deflation. Duration of inflation and deflation was thus calculated: the duration of
inflation was measured from the moment the shuttle gas enters the balloon
chamber unfolding the balloon membrane with a consequent increase in
diameter until the balloon is fully filled with shuttle gas, while deflation was
measured from the moment the balloon starts to shrink because the shuttle gas
exists the chamber with a consequent reduction in diameter until the balloon

chamber is completely empty.

5.2.2. Results
5.2.2.1. Pattern of inflation
Results showed that in the case of a horizontal IAB inflation and deflation
occur fairly uniformly while at an angle inflation proceeds from tip to base and
deflation proceeds from base to tip. This change in pattern is in agreement with
previous observations [90, 128]. Both cylindrical and tapered balloons
demonstrated to the same change in pattern of inflation. The case of the 40 cc
cylindrical balloon is represented in Figure 5.1, showing inflation starting in the
region of lower hydrostatic pressure and moving toward the region of higher

hydrostatic pressure.
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t=102 ms
t=158 ms
t=230 ms

Figure 5.1: The pattern of balloon inflation from tip to base (as indicated by the
red arrows) at an angle of 45° The images illustrate the case of the cylindrical
40 cc balloon; similar pattern was observed for the TID and TDD balloons. Time
from the onset of inflation (t = 0) is shown next to the corresponding frame.
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5.2.2.2. The effect of angle

In the case of a horizontal balloon, results showed that increasing intra-
luminal pressure (P;) corresponds to longer duration of inflation and shorter
duration of deflation. An increment in P; of 77 mmHg corresponded to
increasing the duration of inflation by 52 % (0.222 vs 0.338 s) and decreasing
the duration of deflation by 12 % (0.398 vs 0.348 s). The duration of inflation for
the tapered balloons exhibited similar behaviour as the cylindrical 40 cc, with
increasing duration of inflation due to increased Pi. However, for the duration of
deflation it was not possible to observe a common pattern between the different
shapes. It appeared that increasing Pi resulted in longer duration of deflation
both for the TDD and the TID shape.

A change in angle effectively also results in a change in hydrostatic
pressure acting along the length of the balloon, so the effect of these two
parameters on duration of inflation and deflation is entwined. The effect of angle
on the duration of inflation calculated from the movies varied depending on the
level of P; (Figure 5.2a). For a 40 cc balloon, at low P; (45 mmHg) inflation time
was significantly (p < 0.05) extended with increasing angle, the increase
accounting for 29% (0.222 at 0°vs 0.286 s at 75°), while at high P; (122 mmHgQ)
inflation was significantly (p < 0.001) decreased with increasing angle, the
decrease accounting for 10% (0.338 at 0° vs 0.304 s at 65°). For the same
balloon, increasing angle overall resulted in longer deflation time, more
significantly so for higher P; (Figure 5.2b). At low P; deflation was not
significantly  affected by increasing angle. At medium P; deflation was
significantly (p < 0.05) prolonged with increasing angle by 17% (0.400 at 0° vs
0.468 s at 75°) and at high P; (122 mmHg) by 35% (0.348 at 0° vs 0.472 s at

65° p < 0.01).
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Figure 5.2: Duration of inflation (a) and deflation (b) is reported for the case of
the 40 cc cylindrical balloon for low (45 mmHg, “®”), medium (80 mmHg, “A”)
and high (122 mmHg, “+”) levels of intra-luminal pressure, over the range of
operating angles 0-75°.
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Compared to the 40 cc balloon, the tapered balloons were affected
differently by the change in angle, especially during inflation. An increase in
angle for both the TID and the TDD result in duration of inflation either varying
by a small amount or not statistically significantly affected (p > 0.05). Values of
the duration of inflation are reported in Figure 5.3a (TID) and Figure 5.4a (TDD).

Because of corrupted quality of some recordings, duration of deflation of
the tapered balloons is not reported for the case of P; = 80 mmHg, for both the
TID and TDD. The other cases are summarized in Figure 5.3b (TID) and 5.4b
(TDD), showing that, especially in the case of the TID, duration of deflation was

significantly increased with increasing angle.
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Figure 5.3: Duration of inflation (a) and deflation (b) is reported for the case of
the TID balloon for low (45 mmHg, “®”), medium (80 mmHg, “A ”) and high (122
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mmHg, “+”) levels of intra-luminal pressure, over the range of operating angles
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Figure 5.4: Duration of inflation (a) and deflation (b) is reported for the case of
the TDD balloon for low (45 mmHg, “®”), medium (80 mmHg, “A”) and high
(122 mmHg, “+”) levels of intra-luminal pressure, over the range of operating
angles 0-75°.
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5.2.3. Discussion

It was shown that, for the case of the horizontal balloon, higher intra-
luminal pressure resulted in longer duration of inflation and shorter duration of
deflation. Irrespective of balloon shape, a possible qualitative explanation for
this behaviour may be related to the compliance of the balloon membrane. At
high P, it is more difficult for the balloon membrane to expand and thus for the
shuttle gas to enter the balloon chamber, eventually resulting in partial or even
unfeasible inflation at very high P; levels. Visualisation has confirmed this
phenomenon. The opposite is likely to be the case for the deflation phase; in
fact, at high P;, the balloon chamber is already subjected to increased
surrounding pressure and hence will tend to deflate faster.

Once the balloon is tilted, in order to understand the effect of a change in
angle on the pattern and duration of balloon inflation/deflation it is necessary to
consider that a change in angle is intertwined with a change in P; (hence Py). A
possible explanation of the different pattern of inflation between a horizontal and
angled balloon follows.

Considering the setup used during visualisation, the balloon is placed at
the centre of a rigid tube with connections of equal length to the overhead

pressure reservoir (Figure 5.5):

Figure 5.5: Schematic model of the setup used for visualisation.
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The model can be simplified assuming one-dimensional flow and solving
the problem for only half of the tube, since the system is symmetrical along the
vertical axis. It is further assumed that no fluid volume can travel from the left
half to the right half of the tube and vice versa. As half the setup is assumed,
the balloon of the simplified model has half the volume of the original balloon.

The simplified model is shown below (Figure 5.6):

n--@--
v

Figure 5.6: Schematic model of the simplified setup used for qualitative
assessment of inflation pattern (horizontal).

Let us assume that at time t = 0 the balloon is fully deflated and therefore
contains negligible. Let us also assume that the x axis coincides with the central
line of the balloon, with x = 0 located in the middle of the balloon. The balloon
internal pressure is P, and it is assumed that P, = Py(t) only, therefore Py
changes instantaneously along the length of the balloon and at any time instant
it will be uniform at any x. P, can be simplistically depicted as follows (Figure

5.7):
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Pressure

\4

Onset End time

inflation inflation

Figure 5.7: Schematic of the variation in balloon internal pressure (Py) over the
course of inflation.

Once the balloon starts inflating, its volume V, will change with time
roughly in the same way as Py, as illustrated with the red trace in Figure 5.8.

The figure also includes a schematic representation of the corresponding rate of

change of balloon volume in grey V, = % .

Because the left end of the tube is closed the fluid volume displaced by

the balloon during inflation has to pass through point 2. So, volumetric flow rate
at this point will be ‘}2 =X./b. If k is the cross-sectional area of the tube at

position 2, we then have ‘./2 =ku, with uy = flow velocity at position 2. Flow

velocity of the fluid at any location along the tube will be u = u(x,t).
From the equation of conservation of momentum and assuming

1 0P odu ou

negligible viscous effects, we have ———=—+u—, where p is fluid density,
p ox ot ox
?)—u is the element representing local acceleration and ug—”is the element
t X

representing convective acceleration. If we assume that, in the absence of
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tapering, the g—uelement dominates, hence g—u>>u3—u, then the equation of
t

t X
conservation of momentum can be reduced to _é;_P = E;_u
X t

Fluid pressure at position 1 (P4) and pressure at position 2 (P») along the
tube are represented in Figure 5.8 in a schematic way, indicative only, not
based on computation, but used rather as part of the framework to understand
the inflation pattern qualitatively.

In order for fluid to start moving toward position 2, high enough pressure

needs to be built up at position 1, so that Py > P, and therefore %—L; > 0 according

to the equation above. When 3—u< 0, i.e. flow volume will still be moving toward
t

position 2 during inflation but at a decelerating rate, it will be ?)—P< 0, or P2 > Py.
X

This change in sign occurs at time instant tg, named “cross-over time”, shown
below.
Given that balloon inflation essentially depends on transmural pressure

(R=P-P,

i ) @Cross the balloon membrane, it is useful for the mechanistic
understanding of balloon inflation pattern to consider transmural pressure at
points 1 and 2, (Pp-P+) and (Py-P>), respectively. As shown in Figure 5.9, before

tr, (Pp-P2) > (Po-P1), while after tr, (Po-P1) > (Po-P2).
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Figure 5.8: Change in balloon volume (V,) and the corresponding dVy/dt (top).
Schematic representation of balloon internal pressure (Py) and fluid pressure at
sites 1 and site 2 as a function of time (bottom). Cross-over time (tg) coincides
with maximum dV,/d.

In order for fluid to start moving toward position 2, high enough pressure

needs to be built up at position 1, so that Py > P> and therefore (—;—L; > 0 according
to the equation above. When 3—1:< 0, i.e. flow volume will still be moving toward

position 2 during inflation but at a decelerating rate, it will be 3—P< 0, or P2 > Ps.
X
This change in sign occurs at time instant tg, named “cross-over time” (Figures
5.8 and 5.9).
Given that balloon inflation essentially depends on transmural pressure
(P=P -P,, ) across the balloon membrane, it is useful for the mechanistic

iquid

understanding of balloon inflation pattern to consider transmural pressure at
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points 1 and 2, (P,-P+) and (Py-P>), respectively. As shown in Figure 5.9, before

tr, (Po-P2) > (Pp-P1), while after tg, (Po-P1) > (Pp-P2).

—— Pb-P1
— Pb-P2

Pressure

S5

time

Figure 5.9: Schematic representation of balloon transmural pressure (Pp, —
Piiquia) with time, at positions 1 and 2.

When transmural pressure is higher at the position 2 , i.e. (Py-P2) > (Po-
P1), the balloon will start to inflate from the right-hand side. But at t = tg the
transmural pressure at position 1 becomes larger, so there will be a second
inflation wave that will travel in the other direction (from the left- toward the
right-hand side). From this qualitative explanation it is possible to conclude that,
even in a simple horizontal setup, the balloon does not inflate uniformly.
Furthermore, it is also possible to comment on the fact that, although the
balloon starts to inflate at one end and the first inflation wave travels toward
position 1, it does not imply that flow is moving in that direction, since it cannot.
Therefore it is not possible to infer the direction of flow in the tube simply
observing the balloon.

When taking into account the case of the same setup but at an angle, it is
necessary to include the hydrostatic pressure difference along the balloon in the

analysis (Figure 5.10).
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Figure 5.10: Schematic model of the simplified setup used for qualitative
assessment of inflation pattern (angled).

Considering the same half of the setup as in the horizontal case, the

same behaviour of Py and of ‘;b=‘}2is assumed as in Figure 5.7 and 5.8.

However, in the angled case the equation of conservation of momentum will

take the form _Lop :a—u+ua—u+gsin19 and, based on the same assumptions
pox ot ox
. . oP du )
as for the horizontal case, it can be reduced to —a—z§+gsm19. When the
X

hydrostatic pressure difference (pghy — pghy) is high enough, then, as opposed
to the horizontal case, there will be no cross-over between Py and P, and

consequently between (Py-P+) and (Py-P2), as shown in Figure 5.11.
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— P

\

Pressure

Pressure

\4

time

—— Pb-P1
—— Pb-P2

S

time =

Figure 5.11: Schematic representation of balloon internal pressure (Py), liquid
pressure P in positions 1 and 2 and transmural pressure (Pp — Pliiguig) in
positions 1 and 2.).In the angled case, no cross-over time will be detected.

The absence of the cross-over implies that inflation will proceed uniformly
from tip to base, confirming the observation from the high-speed visualisation
experiment. In order for a cross-over to occur, there should be an inversion in
the sign of pressure gradient (P.-P{) from negative to positive. We will
investigate whether the condition P, = Py can ever be satisfied in the
experimental setup.

Considering the pressure gradient along a fluid element of length dx and
integrating along the balloon length we have:

2 2
—!g—idx = p!(i—?%— gsin ﬁjdx

resulting in:
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—AP:pg—?L+pgsinz9L:E -P,

where L = length from 1 to 2.

Assuming L = 0.4 m (considering that a typical 40 cc balloon is 0.28 m

long), p = 1000 kg/m® and 6 = 30°:
Ju m
—AP:PI—PZ =pEO4m+pO4m5—2
S

Hence, in order for at least P = Py:

d__sm
ot s

and for (P2-P+1) < 0 it would be needed %—I: < —Sﬂ2
S

However, considering mean V, = ku, during the inflation phase:

3
= (2)02’7511 ~0.000087- for a 20 cc balloon with inflation time of 0.25 s,
. h) h)

V,
and

k =m?* =0.00125m", given the radius of the glass tube r = 0.02 m,

oty = V2 2 0.064™
ok s

and considering the deceleration phase of inflation from tg to end of inflation (for

du/dt to be < -5 m/s%), hence over a time span of approximately 0.125 s:

5, 0064™ .
—=- S =-0512-.
ot 0.125s s
ou m . . .
So —>>-5—, implying that the cross-over cannot occur. This
t s

reinforces the observation that inflation of the balloon at the angled case

proceeds from tip to base. From a merely qualitative point of view, it appears
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unrealistic to obtain such a high deceleration in such a short time span in the

simplified setup assumed or in the actual setup used for filming.

In order to explain the observations on duration of inflation deduced from
the visualisation results, the behaviour of the IAB should be assessed in terms
of transmural pressure. Starting from the horizontal case, a substantial
difference in duration of inflation is measured depending on the intra-luminal
pressure surrounding the balloon.

For the case of low Pj, referring to the TPC described in Chapter 4, the
balloon is operating in the “high Py’ region of the TPC, meaning that the balloon
membrane is stretching and corresponding to a volume displacement larger

than balloon nominal volume. According to the law of Laplace
P=p —p =" Eq.10
r

where Py, = internal pressure, P,y = external pressure, S = hoop stress on the
membrane, h = membrane thickness and r = radius. The force acting
circumferentially on the membrane of a flexible tube (or in our case the balloon)
can be defined:

Foembrane = ShL Eq.11
where L = the length of the tube. Hence:

_ShL
r

LP

t

Eq.12

and
Fonembrane = LrP,. Eq.13
Given that in the above formulation L is the same for a horizontal balloon
surrounded by low or high P;, we deduce that for the case of the balloon

operated at low P; (membrane stretching) both P; and r will be larger, resulting
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in an overall larger Fmembrane- This is equivalent to say that the rate of change of
momentum induced by the balloon membrane (F = d/dt M) is larger and that
therefore inflation is faster.

Considering then the case of the balloon being tilted, it should be noted
that the balloon will be subjected to non-uniform P; acting on the membrane,
hence non-uniform P;. Compared to the horizontal case and assuming (as is the
case for semi-recumbent position analogy) that the balloon is hinged at the
base or at any rate at the catheter, the tip of the balloon is subjected to higher
P:.

If the balloon was tilted from an initial condition of low P;, the further
reduction in P; resulting from increasing angle would correspond to moving
more in the “high Py region of the TPC. Because the balloon was already
operating in the stretching region, this change does not result in a further
increase in balloon volume. It has been shown, earlier in this chapter, that when
the balloon is angled inflation proceeds gradually from the tip towards the base.
Assuming that the balloon chamber consists of a number of equally-sized
segments, theoretically, this process (inflation wave propagating from tip to
base) can be visualised as the sequential inflation of one segment after the
other starting from the tip. This process results in:

(1) the segments are inflated faster in the tip region and slower in the base
region, so the velocity of the inflation wave is decreasing from tip to base; this is
due to the fact that Py is larger at the tip and hence the Frhemprane IS larger (r and
L being the same for all segments of the stretched balloon)

(2) in the horizontal position, P; acts uniformly throughout the membrane as all

balloon segments are expanded simultaneously by the shuttle gas.
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However, at an angle P; acts membrane-segment after membrane-segment as
shuttle gas gradually fills the chamber from tip to base. Therefore Fmembrane Can
be built up uniformly for all segments in the horizontal case and progressively,
segment by segment, at an angle. This suggests that the Frmembrane at an angle is
lower than that generated horizontally and resulting in smaller rate of change of

momentum (F = d/dt M), i.e. longer inflation.

If the balloon instead was tilted starting from high P;, because of the
reduction in P; associated with increasing angle it is likely that part of the
balloon would operate in the high P; region of the TPC, instead of the low P;.
These segments of the balloon, located at the tip, where inflation is initiated,
would now be able to stretch. The increase in r resulting from part of the
membrane stretching and the increase in P; resulting from the reduction in P; in
the tip region suggest that the tilted balloon would be able to generated a larger
Fmembrane @nd inflate faster than the corresponding horizontal case. A further
increase in angle would enhance the phenomenon, because more segments of
the membrane would be stretching, confirming the decreasing trend of duration
of inflation observed for the balloon operated at high P;.

In synthesis, four scenarios can be highlighted, as shown in Figure 5.12.
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Low intra-luminal P High intra-luminal P
CASE 1 CASE 3
_-—————
CASE 2: CASE 4:

Volume
4
.|.

Transmural pressure

Figure 5.12: Balloons at different levels of intra-luminal pressure, horizontal and
tilted, and the corresponding operating point on the transmural pressure —
volume curve. For the tilted case, because inflation proceeds gradually tip-to-
base, the tip and the base of the balloon membrane experience different

transmural pressure.

5.3. High-speed camera movies: continuous pumping

The previous experiment shed light on both the effect of varying intra-
luminal pressure and increasing angle on the pattern and the duration of balloon
inflation/deflation. The choice of isolating one beat, operating the IABP at

assisting frequency of 1:3, allowed full analysis of the inflation and the deflation
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phases. However, producing one balloon pulse is an unrealistic scenario —
albeit useful in the investigation of the mechanical behaviour of the balloon
alone — since the |IABP is pumping continuously in the clinical setting. The effect
of tilting was therefore studied also with the IABP set on continuous assistance
at 1:1 for all balloon shapes. Having identified already the effect of intra-luminal
pressure, visualisation was carried out at one level of head pressure

(intermediate head pressure, 80 mmHg).

5.3.1. Materials and methods

The experimental setup was the same as that described in section 4.2.1.
The same balloons (cylindrical 40 cc, TDD, TID) were tested. The IABP was set
on maximal volume augmentation, heart rate of 60 and 100 bpm and assisting
frequency of 1:1. Images were acquired again at 500 frames/s.

In terms of image processing, one balloon cycle was selected from the
recording sequence during analysis. The duration of inflation was calculated
with frame by frame analysis. Because the IABP was operated at 1:1, the
duration of deflation was not calculated in this case. Since the following inflation
is automatically triggered by the IABP and not when deflation is completed, the

balloon might not be able to deflate freely as in the case of an isolated pulse.

5.3.2. Results
An increase in angle of 75° resulted in extended duration of inflation, as
shown in Figure 5.13. The cylindrical 40 cc balloon and the TDD exhibited
significantly (p < 0.005) longer inflation, by 35% (0.196 at 0° vs 0.266 s at 75°)

and 33% (0.185 at 0° vs 0.246 s at 75°) respectively. For the TID balloon, a
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much more considerable increase of +281% was recorded (0.107 at 0°vs 0.408

s at 75° p < 0.005).

05 - 40cc:
® 40cc R"=0.98
TID //
0.4 -
TDD:
R =0.97

p < 0.005

/ TID:
R? = 0.96
0.2 - / Aty

Duration of inflation (s)
o
w
|

0.1 T T T T T T T T 1

0 20 40 60 80
Angle (°9)

Figure 5.13: The effect of increasing angle on the duration of inflation of a
cylindrical 40 cc balloon (blue full circles), a TDD (grey full circles) and a TID
(orange full circles) balloon, with the IABP operated at 1:1 continuous
assistance. For all cases, the duration of inflation was significantly increased
with increasing angle.

5.3.3. Discussion
Comparing the results of the visualisation study performed at assisting
frequency 1:1 with those at assisting frequency 1:3 for the same head pressure
(80 mmHg) showed that the balloon is affected by assisting frequency in terms
of duration of inflation. At 1:1, all tested shapes (cylindrical, TDD, TID) exhibited
a statistically significant (p < 0.005) increase in inflation time with increasing

angle. On the contrary, at 1:3 the duration of inflation was less affected over the
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range of angles for all shapes. In order to investigate this difference, tracings of
Pshutle have been compared (Figure 5.14). From this comparison it is clear that,
both at the horizontal position (Figure 5.14a) and at an angle of 45° (Figure
5.14b) the balloon is not operated exactly in the same way. While the rapid
initial stage of inflation and deflation appears to be unaffected, late inflation and
late deflation exhibit a difference due to the change in assisting frequency. As
reported in the reproducibility test in Chapter 2 (section 2.3.), Pshutie is @ highly
reproducible signal, therefore the differences reported in Figure 4.10 are
considered to be of significance. Information on timing is obtained from the
analysis of the movies by observing the changes of the balloon chamber over
the time cycle and the end of inflation is assumed to be the frame when the
balloon chamber is fully rounded. This is expected to happen at a specific
transmural pressure across the balloon membrane. The pressure surrounding
the balloon was the same for the tests at different assisting frequencies.
However, analysis of the Pshuiie Signal shows that the same value of Pgpyge in
late inflation is reached at a different time, for example: in the horizontal case
(Figure 4.10a) a value of Pghue of 143 mmHg is reached 50 ms later at 1:3
assisting frequency with respect to 1:1 (20.188 s vs 20.138 s). When operated
at 1:1, the continuous inflation/deflation of the balloon reduces the inertial
behaviour of the system as compared to the case of an isolated pulsation from
standstill (1:3). For this reason, inflation can occur more rapidly at 1:1, because
the surrounding fluid effectively is already in motion, hence presenting less
opposition to the opening of the balloon. This difference between assisting
frequencies is further considered in the context of measurements in a mock

circulatory system (page 187).
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Figure 5.14: The different behaviour of a 40 cc balloon operated continuously at
assisting frequency 1:1 and by isolating one pulse at assisting frequency 1:3, as
observed from shuttle gas pressure, Pshue, tracings, both at the horizontal
position (a) and at a 45° angle (b).
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Results of visualisation with the IABP set to 1:1 assistance also showed
a marked difference between balloons of different shape in terms of duration of
inflation. In fact, the TID was dramatically affected by the change in posture, up
to an increase of 281% at 75° These results suggest clearly that the TID
design, albeit in the horizontal setting inflating faster than the traditional
cylindrical 40 cc balloon by 45% (0.107 vs 0.196 s), is severely affected by a
change in angle. This increase in the duration of inflation can viewed in terms of
changes in momentum. Given the relationship between radius and force (Eq.13)
when the balloon is tilted and inflation proceeds from tip to base along
subsequent membrane segments, the radius of the TID is drastically reduced
compared to the tip region and this results in smaller d/dt(M) (longer inflation).

From these observations it is possible to conclude that, when operated
continuously as in the clinical setting, the balloon will take longer to inflate at an
angle (semi-recumbent position). However, the visualisation study focused on
the mechanical behaviour of the balloon itself and did not model correctly the
compliance of the aortic wall. In fact, because of the opacity of the walls, latex
or silicone tubes were not regarded as suitable test bed for the visualisation
study. Therefore, although the qualitative results about the effect of varying
assisting frequency and/or intra-luminal pressure and/or angle on the duration
of inflation and deflation are meaningful, their clinical relevance should be

stated cautiously.

5.4. The effect of compliance
Following from the previous section, the visualisation experiments were
carried in a glass tube because the opacity of the walls of a latex or silicone

tube would render visualisation and analysis very difficult. However, as
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indicated by the literature [14, 25, 73], compliance is a major factor affecting
IABP counterpulsation. So, in order to understand the role played by
compliance in these measurements, tests were performed in a glass tube and in
a silicone tube measuring both balloon shuttle gas and internal pressure,
accessing the balloon chamber with a pressure wire. This aimed to identify the
difference induced by a more compliant setup on the balloon and to provide
insight in the pressure changes inside the balloon chamber throughout the

balloon cycle, which have not been reported in the literature before.

5.4.1. Materials and methods

A 40 cc balloon (Datascope) was tested inside a glass tube and a
silicone tube™ of equal dimensions (40 cm long, 4 cm ID). Both tubes were filled
with water and connected, by means of lateral tygon tubes of equal length, to a
overhead reservoir providing head pressure. An isolated pulse was generated
at 1:3 assisting frequency, maximal volume augmentation and 60 bpm heart
rate. Balloon pressure was measured at two locations: at the balloon catheter
and inside the balloon chamber (Figure 5.15). Catheter pressure Pgnue Was
measured with a 5F transducer-tipped catheter (Gaeltec), positioned just before
the balloon catheter. By means of a three-way connection, a pressure wire
(Radi Medical Systems AB, Uppsala, Sweden) was inserted in the balloon
catheter and pushed along the catheter until positioned inside the balloon
chamber. A third catheter (Gaeltec) monitored pressure in the liquid surrounding

the balloon. All sensors were calibrated after the measurements with the

' A silicone tube was chosen in order to provide a substantial variation in compliance with
respect to the glass tube, not necessarily replicating a physiological environment. Unpublished
data from a tensile strength experiment carried out within the Biofluid Mechanics group of
Brunel University showed that Young’s modulus (E) was E = 2.0 MPa for the silicone tube and E
= 0.72 MPa for an aortic specimen.
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methods of the column of water. Data was collected at 500 Hz in Labview and
later analysed in MatLab.

The Radi equipment suffered from poor digital discrimination, as will be
visible in the Results, with a coarser tracing compared to the Gaeltec
equipment. Also, the same Gaeltec catheter and Radi wire used during the
measurements were compared in a simple setup where suction was produced
in a small, sealed Perspex tube by means of a syringe, with each pressure
sensor measuring subsequently the pressure inside the tube. As shown in
Figure 5.16, the Radi wire could not measure below — 57 mmHg, as opposed to
the Gaeltec catheter, which could record throughout the suction phase without
any threshold. Despite these limitations, it is important to have gained insight
into the internal behaviour of the balloon. The possibility of commenting — at

least qualitatively — on Pinernal Was outweighing the technical constraints.

Head pressure
tank

— — IABP

T Piiguid /
/ < » ' -7%14 Radi
P int4a/ P shuttle \

Figure 5.15: The black arrows indicate the insertion of the Radi and Gaeltec
pressure catheters via the three-way connection, which is also attached to the
IABP. The red closed circles indicate the measuring sites of catheter pressure
(Psnuttie) @nd liquid pressure (Piquiq) acquired with the Gaeltec catheters, and
balloon internal pressure (Pinema)) acquired with the Radi pressure wire.

Gaeltec
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Figure 5.16: Measurements of negative pressre, induced by suction, comparing
the Gaeltec catheter (a) and the Radi wire (b), showing the inability of the Radi
wire to read below — 57 mmHg, as opposed to the Gaeltec catheter. The two
measurements were not simultaneous.
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5.4.2. Results
Comparison of Pinema and Pshule highlighted the difference between
operating the balloon inside a glass tube and inside a silicone tube.
Comparing glass and silicone using Pshuie (Figure 5.17) and Pinternal
(Figure 5.17), the major features are:

- Psnhutie: during late inflation, and up to the onset of deflation, when operating
the balloon in glass Pshue €Xxhibits an oscillatory behaviour, whereas in
silicone it does not; the same recordings in glass and silicone also do not
coincide in late deflation.

- Pintemai: despite the poor quality of the Radi signal it is possible to observe
that, when operating the balloon in glass, Pinernal @lso exhibits an oscillatory
behaviour during late inflation up to the onset of deflation; even more
interestingly, it is possible to identify a large increase in Pintermal (up to 350
mmHg) at the end of deflation, only when operating the balloon in glass,

whereas this spike is not visible when operating the balloon in silicone.

Plotting Pgshuttle and Pinermal together depending on the compliance of the
tube (Figure 5.18), it is interesting to observe the substantial augmentation in
Pinternai recorded inside the balloon. This is not only absent from the Pinermal
tracing for the case of the silicone tube, but also not visible on the Pghutie Signal

of the same glass tube measurement.
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Figure 5.17: Measurements of shuttle gas pressure, Pspume (@) and balloon
internal pressure, Pinemar (b) with the balloon operated both in a glass and in a
silicone tube.
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Figure 5.18: Comparison of shuttle gas pressure measured with the Gaeltec
catheter and balloon internal pressure measured with the Radi wire. The
balloon is operated in a glass tube (a) and in a silicone tube (b).
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5.4.3. The “stopping shock” phenomenon

The results presented above highlighted the difference induced by the
compliance of the test bed on the mechanics of the balloon. The main
differences resulting from a drastic change in compliance were the fluctuations
in both Pshuiie and Pinermar recorded in glass during late inflation and the large
increase in Pinemar at the end of deflation again for the case of the glass tube.

Measurements of balloon internal pressure are not reported in the
literature about IABP and confirmed (and reinforced) the information obtained
via Pshuttie- It also highlighted the presence of the increase in pressure at the end
of deflation which otherwise would have not been observed.

When operating the balloon in a glass tube, a major increase in Pinternal
was recorded with the Radi wire at the end of deflation (Figure 5.17b and Figure
5.18a). This was not recorded either when operating the balloon in a silicone
tube or by measuring Pghuie at the balloon catheter with the balloon inside the
glass tube. Also, measuring the pressure of the liquid surrounding the balloon, a
similar increase was measured in the glass tube, as shown in Figure 5.19.
Furthermore, by manipulating the onset of balloon deflation with the appropriate
slide commands on the IABP, delaying and preceding deflation by 80 ms, it was
clear that this increase was timed with the end of deflation, taking place always

about 200 ms after the onset of deflation. This is also shown in Figure 5.19.
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Figure 5.19: Pressure measurements of the liquid surrounding the balloon in the
glass tube showing the “stopping shock” phenomenon coinciding with the end of
deflation. Deflation is set at control (blue) and at +80 ms (green) and -80 ms
(red) from the IABP commands. For all cases the corresponding stopping shock
is clearly recognizable.

This phenomenon can be named as “stopping shock”, following from a
definition given by McMahon in 1969 based on measurements outside the
balloon [129]. His observation was that “[...] the end of balloon deflation was
marked by a stopping shock, an instantaneously high pressure measured in the
liquid in the region around the balloon. It was established that this stopping
shock occurred just at the time when the balloon reached its minimum volume
i.e. when the radial liquid motions associated with the collapse of the balloon
suddenly terminated as the balloon touched the catheter”. Also: “If the arteries
were inextensible and the blood completely incompressible, such an abrupt

change in the momentum of the blood would cause infinite pressures to be
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generated at the balloon node” in the pressure-node model of the balloon. “The
rate of change of momentum of the column of blood is puc per unit area of
cross section, where p is density of blood, u is the velocity the blood had just
before it stopped, and c is the local pulse-wave velocity”.

This reasoning was then applied to the current case, where observations
are based on balloon internal pressure.

puc has units of pressure, kg/m-s® .

Modelling the collapse of a 40 cc balloon, it is appropriate to assume a
deflation time of 0.3 s, resulting in

40/0.3 = 0.0001333 m%s

indicating that the balloon is collapsing at a rate of approximately 7.9 I/min.

Measurements were carried out in water, thus o = 1000 kg/m?.

In order to calculate u, we can relate it to the change in volume, V,

defined as

X./ =ku
where k has units of area, with the radius of the tube being 0.02 m, both for the
silicone tube and the glass tube. So:

u = V/k = 0.0001333/0.00125 = 0.10664 m/s.

For the case of the silicone tube let us assume ¢ = 8 m/s. In this case the
amplitude of the stopping shock would be:

puc =1000-0.10664 -8 = 853.12 kg - =6.4mmHg
m-s

For the case of the glass tube let us assume ¢ = 300 m/s. In this other

case the amplitude of the stopping shock would be:

puc =1000-0.10664 -300 = 31992 ks - =240mmHg .
m-s
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These results show that the theoretical amplitude of the stopping shock
is very large when calculated in the glass tube, confirming the differences
observed in the experiment.

Also, the theoretical calculation of the stopping shock shows that the
stopping shock phenomenon is also present when operating the balloon in the
silicone tube, although it has much smaller amplitude, so it might not be
recognizable in the noisy tracing of Pinema Measured with the Radi wire.

It is also worth noting that the stopping shock was noted only on the
Pintemal trace and not on the Pgnuie trace. This can be explained following from
the above description of the phenomenon. In fact, the stopping shock occurs in
the liquid surrounding the balloon, not in the shuttle gas inside the balloon. It is
timed with the end of the deflation phase. At this instant, it is read by the Radi
wire inside the balloon chamber because it is read through the balloon
membrane. However, the balloon chamber is fully empty at end deflation and
therefore the stopping shock cannot be read by the Gaeltec catheter measuring
Pshuttie; Which is positioned at the beginning of the balloon catheter.

Finally, the stopping shock phenomenon has not been reported for the
case of in vivo measurements. This can be ascribed to the low values of wave

speed measured in the compliant aorta.

5.5. Conclusion

The visualisation study reported in this chapter showed that at an angle
the balloon is inflated from tip to base instead of uniformly. It also showed that
increasing intra-luminal pressure results in reduced duration of inflation and

longer duration of deflation while increasing angle results in longer duration of

127



Chapter Five — Visualisation study

both inflation and deflation. The intertwined effect of these two parameters has
been distinguished.

Three balloon shapes were filmed and it was shown that, when the IABP
is operated continuously, the TID balloon is more affected by an increment in
angle than the TDD balloon or a 40 cc cylindrical balloon.

Since visualisation had to be performed in a rigid glass tube, knowledge
of balloon internal pressure was acquired to show the effect of tube compliance
of balloon mechanics. A major difference between the case of the balloon
operating in a silicone and that of the balloon operating in a glass tube was
shown at the end of deflation and identified as the “stopping shock”

phenomenon.
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CHAPTER 6

DESIGNING A MOCK CIRCULATORY SYSTEM FOR IABP TESTING*

6.1. Introduction

This chapter will describe the design of a mock circulatory system
specifically designed and assembled for the purpose of IABP testing. A mock
circulatory system, or mock loop, is an artificial analogue of the human
circulation, more or less detailed, in which physiological pressure and flow
conditions are recreated in vitro for the purpose of studying cardiovascular
phenomena or testing cardiac devices. A mock loop usually allows data
collection in a controlled (hence, to a varying degree, simplified) environment.
Richard Skalak defined a complete mock circulation system as “any system or
preparation which contains some part of each category: arterial, capillary and
venous networks connected in their usual and natural sequence” adding that
the choice of model on which to base the system “depend[s] on the purposes
one has in mind” [130].

In elucidating the main characteristics of different models, Skalak
indicated the lumped parameter model, based on Otto Frank’s Windkessel
theory [131], as the most suitable for the study of cardiac assist devices:
“Another recent use of lumped parameter models is in the analysis of cardiac
pumping assist devices, particularly for intra-arterial counterpulsation methods.
In this application the details of wave propagation are not so important as the

gross volumetric and elastic parameters and their variation in time” [130].

# Partly in: C Kolyva, G Biglino, JR Pepper and AW Khir, A mock circulatory system with
physiological distribution of terminal resistance and compliance: application for testing the intra-
aortic balloon pump, Artif Organs (under revision)
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The Windkessel model, as originally proposed by Frank [131], essentially
describes the arterial system as a flowing system with a cushioning effect. By
using the Windkessel model it is possible to represent the arterial system as a
compartment (Windkessel = air chamber, in German) including the arteries, with
a pressurised volume, and a capacitance and a resistance representing the
microvasculature and providing nearly-constant flow to the tissues.

An early study (1968) by Jones et al. applied the Windkessel model to
arterio-arterial pumps, which are counterpulsating devices such as a simple
pulsating bulb or the IABP [132]. McMahon et al. (1971) constructed a
hydraulic model specific for the study of the IABP, in which the compliance of
the arterial system was modelled as three lumped capacitance elements and
the peripheral resistance was implemented with porous tubes [133]. Wolf and
Clinch (1972) proposed a mock circulatory system consisting of a left heart
analog, compliant arteries, peripheral resistance and venous return and the
authors explicitly stated that “no attempt was made to model the right heart and
pulmonary circuit since these seemed unnecessary for IAB testing” [134].

Another application specific to IABP testing is described by Bowles et al.
(1990). Mock loops are valuable tools for testing and comparing cardiac assist
devices in vitro and in this case the mock circulation system was used to assess
the performance of extra-aortic counterpulsation®® and IABP counterpulsation
[135]. The authors used a Windkessel model with lumped compliance and
resistance. Both compliance and resistance were divided into proximal and
distal and implemented with Windkessel chambers and adjustable laminar

resistors respectively.

% Extra-aortic counterpulsation implies the use of trained skeletal muscle wrapped around the
proximal descending aorta [135].
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A more recent example (2004) is provided by Pantalos et al. This model
included left atrium, left ventricle, systemic and coronary vasculature. As in the
case of the previous model, resistance and compliance were divided between
proximal and peripheral resistance and systemic and venous compliance,
respectively [136]. An application of this mock loop was proposed by Koenig et
al. in order to test a new counterpulsation device [137].

Another relevant example of a mock loop is the setup designed by
Vandenberghe et al. [138] for comparison of IABP and a PUCA Il device
(“PUlsatile CAtheter” device, combining the characteristics of traditional
counterpulsation with an actual blood pump). In this case a pulse duplicator,
comprising two silicone sacs (left ventricle and left atrium) and bileaflet and
bovine pericardial valves (mitral and aortic valves), was used in combination
with a silicone aorta. The aorta had eight branches, each terminating in a
resistor made of compressible foam, used to regulate flow distribution.

Finally, a “hybrid” type of mock loop system has been conceived.
According to Ferrari et al.: “Flexibility and accuracy can be improved by merging
numerical models with physical models, thus obtaining a hybrid model where
numerical and physical sections are connected by an electrohydraulic interface”
[139]. This concept has also been applied for IABP testing [140, 141].

In terms of the IABP, as highlighted in Chapter 1, compliance is a major
variable affecting IABP performance [25, 73]. Sensitivity to heart rate [77, 78]
and to timing of inflation and deflation [29] are equally important aspects.
Following from the existing knowledge on artificial circulation, the aim of this
study is to design a mock circulatory system (MCS) which will be suitable for

replicating the cardiovascular system for IABP testing.
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In order to achieve the scope, the major design criteria of the process
are: physiological distribution of peripheral resistance and compliance,
anatomical accuracy, the possibility of varying the inclination of the MCS to

replicate the semi-recumbent position and good control over balloon timing.

6.2. The mock circulation system (MCS)

6.2.1. Artificial aorta

The MCS was constructed around an artificial aorta (Ranier, Cambridge,
UK), made of a polyurethane compound and including 14 main branches: right
and left coronaries, right and left carotid arteries, right and left subclavian
arteries, splenic, mesenteric, right and left renal arteries, right and left iliac
branching into right and left femoral and deep femoral. A representation of the
aorta is provided in Figure 6.1. The dimensions, tapering and elastic properties
of the aorta ensured a physiological environment for in vitro testing; however,

the aortic arch was straightened.

132



Chapter Six — Mock circulatory system

a2
?\1\‘}":;’“ ‘l 4
yd | 6
57 |
o |7
g 10

Figure 6.1: Schematic representation of the polyurethane aorta. Arterial
segments: (1) right coronary, (2) left coronary, (3) right carotid, (4) left carotid,
(5) right subclavian, (6) left subclavian, (7) splenic, (8) mesenteric, (9) right
renal, (10) left renal, (11) right femoral, (12) right deep femoral, (13) left femoral
and (14) left deep femoral.

6.2.2. Resistance and compliance

Since part of the IABP testing in the MCS will involve the flow-volume
displaced during IAB inflation, it is important to ensure a physiological flow
distribution by setting the appropriate terminal resistances at the end of each
branch. Also, being that the IAB is greatly affected by changes in compliance,
suitable implementation and distribution of compliance was regarded as a
second crucial parameter to control. Hence, the end of each branch of the aorta
was fitted with an arrangement of a syringe and a capillary tube, representing
respectively distal compliance and peripheral resistance. This is explained in

detail in the following section.
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6.2.2.1. Theoretical models

In 1992 Stergiopulos et al. proposed a computer model comprising 55
arterial segments, excluding the coronary circulation [142]. This is shown in
Figure 6.2. Distribution of resistance and compliance in the MCS is mainly
based on this model.

The main physiological parameters of the Stergiopulos model are derived
reducing the number of branches from a previous (1969) model by Westerhof et
al., an electrical analog of the circulation based on pulsatile flow theory in which
the viscous, inertial and compliant properties of arterial blood flow are
represented by electrical resistance, inertance and capacitance respectively
[143]. The Westerhof model provides physiological proximal resistance and
compliance data per arterial segment and arterial dimensions from a subject
with height of 175 cm and mass of 75 kg [143]. This model did not include the
coronary circulation.

The values of terminal resistance used in the Stergiopulos model were
provided by the 1972 mathematical model by Schaaf and Abbrecht [144], in
which these values were “calculated from the specified total peripheral
resistance and the distribution of flow estimated from physiological data”.

In terms of terminal compliance, Stergiopulos et al. assumed a value of
total compliance of 1 ml/mmHg, subtracted from this value the summation of
each vessel's volume compliance (0.835 ml/mmHg) and the remaining 0.165
ml/mmHg was distributed in the terminal branches in proportion to the mean
flow [142].

Since our model also includes two coronary vessels, a value of coronary
microvascular resistance was obtained from a recent human study by Verhoeff

et al. [145], as described in the following section.
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Figure 6.2: The model of human circulation proposed by Stergiopulos in 1992,
comprising of 55 main vessels [142]. The Stergiopulos computational model
fuses the resistance and compliance values from the Westerhof model [143]
and the data on terminal resistance and compliance from the Schaaf and
Abbrecht model [144].

6.2.2.2. Total resistance

The total resistance, R, implemented in the aortic model was divided
between proximal, Rprox, and terminal, Ry, resistance. The geometry of the aorta
accounted for Rprox, While Rt was applied at each branch by means of capillary
tubes. Since fully-developed laminar flow could not be guaranteed inside any of
the capillary endings, the Poiseuille formula was not applied for quantifying their
resistance, R, based on their dimensions. Instead, pressure drop-flow curves
were obtained for a range of capillary diameters (with ID of 1, 1.5, 2 and 3 mm)
and lengths (from 3 to 60 cm). Pressure drop, AP, across and flow, Q, through

each capillary tube were measured, and a value of R; = AP/Q was estimated as
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the slope of the curve at the range of flows expected in each branch, as
indicated in Figure 6.3. The curve in Figure 6.3 represents the case of 15 cm
long capillary with diameter of 1.5 mm. The curve exhibits a biphasic behaviour
with a change in slope occurring at Re = 1900 (at Q = 0.17 I/min), likely to be
due to the transition from laminar to turbulent flow.

A relationship between capillary length and R could thus be obtained for
each capillary diameter. This provided a way to convert capillary dimensions to
Rc. This relationship is shown in Figure 6.4.

The required values of total resistance, R, for all branches of the aortic
model, except for the coronary branches, were obtained by reducing the 55
branches of the Stergiopulos model into 12 branches by adding resistances in
series or in parallel according to electric circuit theory (Table 6.1). Since for
each aortic branch Rgox in the aortic model was estimated to be approximately
three orders of magnitude smaller than the R needed to be implemented
according to the Stergiopulos model, the approximations R = R; was considered
valid in the physical model. The resulting theoretical values of R; for the 12
branches are reported in Table 6.2. The table also includes the value of
microvascular resistance downstream healthy coronary arteries obtained from
an experimental study in humans [145]. This value was used as theoretical R
for the coronary branches.

From the previously calculated conversion lines between capillary
dimensions and Rc it was possible to derive the correct combination of capillary
length and diameter so that for each branch of the aorta R; = R¢. This process
ensured a physiological distribution of peripheral resistance across the aortic
model. When there was a choice, capillary diameter was chosen so that, in

order to achieve the desired R, capillary length was 15-20 cm.
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Vessel (Stergiopulos)

Vessel (current model)

Arrangement

Ascending aorta
Aortic arch |
Brachiocephalic

R subclavian |

R carotid

R vertebral

R subclavian I

R radius

R ulnar |

0) R interosseous

R ulnar Il

2) R internal carotid
3) R external carotid
4) Aortic arch Il

5) L carotid

6) L internal carotid
7) L external carotid
8) Thoracic aorta |

9) L subclavian |

0) Left vertebral

L subclavian Il
2) L radius

3) L ulnar |

4) L interosseous
5) L ulnar ll

6) Intercostals

7) Thoracic aorta Il
8) Abdominal aorta |
9) Celiac |

0) Celiac Il

1) Hepatic

2) Gastric

3) Splenic

4) Superior mesenteric
5) Abdominal aorta Il
6) L renal

7) Abdominal aorta lll
8) R renal

9) Abdominal aorta IV
0) Inferior mesenteric
Abdominal aorta V
2) R common iliac
3) L common iliac
4) L external iliac
5) L internal iliac

6) L femoral

7) L deep femoral
8) L posterior tibial
9) L anterior tibial
0) R external iliac

R internal iliac
2) R femoral

3) R deep femoral
4) R posterior tibial
5) R anterior tibial

v\_/\_/\_/\_/\_/\_/\_/\_/\_/\_/\_/\_/\_/\_/\_/\_/\_/\_/\_/\_/\_/vvvvvvvvvvvvvvvvvvvvvvvv

R subclavian

10 and 11 in parallel,
in series with 9,

in parallel with 8,

in series with 7,

in parallel with 6,

in series with 4

L subclavian

24 and 25 in parallel,
in series with 23,

in parallel with 22,

in series with 21,

in parallel with 20,

in series with 19

R carotid

12 and 13 in parallel,
in series with 5

L carotid

16 and 17 in parallel,
in series with 15

Splenic

31, 32 and 33 in parallel,
in series with 29 and 30

Mesenteric

34

R renal

38

L renal

36

R femoral

54 and 55 in parallel,
in series with 52,
in parallel with 53

L femoral

48 and 49 in parallel,
in series with 46,
in parallel with 47

R deep femoral

Occluded for insertion of
pressure catheter

L deep femoral

Occluded for insertion of
balloon catheter

Table 6.1: The 55 vessels of the Stergiopulos model have been reduced to the
12 branches of the current model (does not include the coronary branches).
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Resistance Compliance
Vessel Theoretical R Capillary — Capillary | Theoretical C Syringe
(mmHg/l/min) L (cm) D (mm) | (mi/mmHg*10°) volume (ml)
Right 21875 69.2 15 i i
coronary
Leit 21875 69.2 15 i i
coronary
Right carotid 230.7 14.7 2 1.4 10
Left carotid 230.7 14.7 2 1.4 10
Right 878.5 208 15 25 20
subclavian
Left 878.6 208 15 25 20
subclavian
Splenic 141.7 3.2 2 0.7 10
Mesenteric 116.4 0 - 9.1 60
Right renal 142.0 3.1 2 2.0 10
Left renal 142.0 3.1 2 2.0 10
Right 203.4 12.4 2 36 40
femoral
Left femoral 223.4 12.4 2 3.6 40

Table 6.2: Values of resistance (R) and compliance (C) obtained reducing the
55 vessels of the Stergiopulos model into the 12 vessels of the current physical
model according to circuit theory. L = length and D = internal diameter.
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Figure 6.3: An example of pressure drop-flow curve, calculated for a capillary
tube of 1.5 mm ID and 15 cm long. A transition is occurring at Q = 0.17 I/min.
The slope of the curve over the flow range of interest (red line) yields the value
of R. Given that cardiac output was fixed at 2.7 I/min, Q was rarely expected >
0.170 I/min, and for those vessels for which this was the case (eg. renals) a
larger diameter of capillary was chosen.
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Figure 6.4: Relationship between capillary tube length and resistance for
capillaries of different sizes (1.5, 2 and 3 mm ID). Each point was obtained from
the slope of a pressure drop-flow curve. These conversion lines enable us to
determine the length of capillary tube needed in order to implement a desired
value of theoretical resistance.

6.2.2.3. Proximal compliance

Total compliance, C, of the aortic model was also divided into proximal,
Corox, and distal, G4, compliance. The elastic properties of the aorta determined
Corox, While C4 was implemented by means of syringes.

Corox, represented by the compliance of the polyurethane aorta itself, was
measured according to a method previously reported by Segers et al. [146]. All
aortic ends were closed and the aorta was filled with water to create a closed
volume. Volume, V, was increased by 60 ml in steps of dV = 5 ml by injecting

water with a syringe, and then decreased gradually by removing water in equal
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steps. Pressure, P, was continuously measured inside the aorta with a
transducer-tipped catheter throughout the loading and unloading phases. This
process results in a PV loop, as shown in Figure 6.5. Compliance at a certain
pressure level is the slope of the PV loop at this pressure, according to the
definition of compliance (C = —dV/dP). The hysteresis between the loading and
unloading part of the loop is related to the viscoelastic properties of the material

of the aortic walls.

60

50 A

40

30 A

deltaV (ml)

20

- Loading
-®@ Unloading

10 A

0 20 40 60 80 100 120
deltaP (mmHg)

Figure 6.5: Calculation of proximal compliance, Cpox. A PV loop relating the
change in volume, V, and pressure, P, inside the aorta was obtained during
loading and unloading. The average of the slopes of linear fits over the loading
and unloading curves for P > 70 mmHg yielded the value of Cprox. The hysterisis
relates to the viscoelastic properties of the material of the aortic wall.
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6.2.2.4. Distal compliance

As originally proposed by Westerhof, an “air bubble” is a compliant
element, effectively acting as a Windkessel [147]. Air chambers representing Cqg
were implemented in the MCS by means of syringes containing air.

Following the same procedure described for the resistances, the required
physiological distribution of total compliance C in the aortic model was derived
from the compliance values provided in the Stergiopulos model and these
values of theoretical C are reported in Table 6.1. The distal compliance
accommodated by a certain air volume v enclosed in a syringe under pressure

p can be derived from the gas law, pv" =const assuming an isothermal process

(n = 1). It was ensured that the distribution of C4 in the aortic model was
proportional to the theoretical distribution of C. Syringes with air volume
between 10 and 60 ml were used. So, the compliance implemented by a
syringe, following from [135], was for example:

- Syringe air volume = v =10 ml

- P atmospheric = 760 mmHg

- Working P = 95 mmHg

- Assuming n = 1in pv" =const,

S LV — P

v
p 760+95mmHg mmHg

_ ﬂ _ — vll
dp  (pnv)"

1
p —.
n

Syringes were distributed in order to achieve a total compliance of

approximately 1 ml/mmHg, in accordance with the Stergiopulos model [142].
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6.2.2.5. Resistance and compliance arrangement

The connection of terminal resistance and distal compliance at the end of
each branch was in parallel, forming a 2-element Windkessel arrangement. In
order to connect the syringes at the end of a branch before the capillary tube a
4-way luer valve was used. Isolating the 4-way valve and testing its
hemodynamic behaviour it was possible to discern that it behaves as a
stenosis, as can be seen by the shape of the pressure-drop curve presented in
Figure 6.6: typical of stenotic behaviour, resistance was flow rate dependent.

In order to compensate for this, the resistance of the 4-way valve was
estimated in the range of flows expected in the arterial segments. This
resistance was subtracted from the resistance that needed to be implemented
at the end of each branch with a capillary in order to maintain the total

resistance constant.
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Figure 6.6: Pressure-drop curve for a 4-way valve used in order to connect
syringes in the system and implement distal compliance. The plot shows that a
4-way valve induces a stenosis in the system.
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6.2.3. Other components

Pulsatile flow in the aortic model was provided by an Abiomed BVS 5000
ventricular assist device (Abiomed Inc, MA, USA). The BVS 5000 is a dual-
chamber device and simulates the left ventricle (LV) and left atrium (LA) in the
MCS. The device also includes equivalents for the aortic and mitral valves. It is
pneumatically driven by an external stepper motor driver (Placepower, Norfolk,
UK) connected to the LV. The driver is controlled with specific software
(Easitools, v 1.5, Parker Hannifin Corp, Dorset, UK) and can generate a variety
of flow profiles with accurate control over stroke volume, period and
systolic/diastolic duration. Because of its design, the driver is also independent
of afterload and is suitable for synchronisation with the IABP. This last point will
be expanded in section 6.4.

The LV of the BVS 5000, consisting of a silicone sac, was connected to
the aortic root of the arterial model, while the LA was connected to an overhead
reservoir, providing constant atrial pressure of 10 mm Hg. Each aortic branch
ending was fitted with a capillary tube of specific dimensions and a syringe of
suitable air volume for the purpose of providing the desired physiological values
and distribution of resistance and compliance across the aortic model. The
outlets of the branches were then connected to a common silicone drainage
tube (ID of 8 mm) simulating the venous system. The venous return was in turn
coupled to the overhead reservoir. The main components of the MCS,
connection of the BVS 5000 to the aortic root and connection of the capillaries
to the venous return are shown in Figure 6.7.

The LV was driven with water by the stepper motor driver. Cardiac output

was set at 2.7 I/min. This is also a restriction imposed by the maximum capacity
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of the BVS 5000 [148]. Images of the Abiomed BVS 5000 and of the driver
showing their main components are provided in Figure 6.8a and Figure 6.8b
respectively.

The volume profile of the driver with sweep volume set at 45 ml in order
to achieve cardiac output of 2.7 I/min was extracted from the software that
controls the driver and is shown in Figure 6.9a. The flow profile of the driver as
calculated from differentiation of the volume profile is shown in Figure 6.9b.

Heart rate was set at 60 bpm and diastolic time fraction was 68%.

The MCS was assembled on a hinged platform in order to simulate
different patient postures by different platform inclinations (0, 10, 20, 30 and
45°).

Water at room temperature (20 °C) was used as test fluid.
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Figure 6.7: Diagram of the artificial aorta. The connection between the Abiomed
BVS ventricle and the aortic root is shown, with (1) and without (2) the 28 mm
flowprobe measuring Q. The connection between the branches and the
venous return is also shown (3), together with an image of the arrangement of
2-element Windkessel at each branch (4).
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Figure 6.8: Components controlling the flow in the MCS: (a) top view of the
Abiomed BVS 5000, redrawn from [149] and (b) top view of the driver of the
MCS (lid removed).
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Figure 6.9: The profile of the volume displaced by the piston of the stepper
motor driver (a) and the flow profile generated by the stepper motor driver (b).
The sweep volume of the driver was set at 45 ml, in order to achieve cardiac
output of 2.7 I/min (at 60 bpm). The flow profile is calculated from differentiation

of the volume profile.
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6.2.4. Measurements

Pressure was measured with 7F and 5F transducer-tipped pressure
catheters (Gaeltec Ltd, Isle of Skye, UK and Millar Instruments, TX, USA). The
pressure catheters were calibrated with the method of the “column of water”.

Flow was measured with ultrasonic flow probes (Transonic Systems Inc,
NY, USA) of different sizes (3, 8, 10, 20 and 28 mm). All probes were calibrated
before the measurements at a range of flows (0-1.5 I/min) with the method of
timed-collection.

In order to ensure good agreement between the theoretical and
experimental values of R for each aortic branch and to confirm physiological
flow distribution, measurements of pressure drop across and flow through each
aortic branch were performed. Pressure was measured simultaneously before
and after each branch, in the aorta and the venous tube. Flowprobes of 3, 8 or
10 mm were used, according to the dimensions of each branch. Measurements
were obtained under constant flow rate of 3 I/min.

Measurements were also taken to verify that mean and phasic pressure
hemodynamic signals in the MCS were physiological. Aortic pressure was
measured in the aortic arch. Left ventricular pressure was measured by
inserting a catheter into the LV chamber of the BVS 5000 through the aortic
valve. Pressure at the IAB catheter was also recorded in order to acquire insight
into the behaviour of the IAB during its cycle. Aortic flow was measured at two
locations: (a) at the aortic root, with a 28 mm Transonic flow probe, as shown in
Figure 6.7, and (b) retrograde the IAB tip, 1-2 cm below the subclavian

branches, with a 20 mm Transonic flow probe.
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6.3. Results

Resistance distribution was measured across the aortic model and
matched well the desired R distribution according to the theoretical model. This
is shown in Figure 6.10. Total measured peripheral resistance of the aortic
model was 20.3 = 3.3 mmHg/l/min, close to the theoretical value of 19.8
mmHg/I/min. Correct resistance distribution is a crucial factor in the design of
the MCS since it reflects on any observation on flow distribution.

Physiological flow distribution at the major vascular beds was achieved in
this physical model and was in good agreement with values reported in the
literature, as summarized in Table 6.3.

A value of Cyox Of 0.64 mlI/mmHg was derived as the average of the
slopes of linear fits over the loading and unloading curves for pressure higher
than 70 mmHg [146].

Cq was calculated for each branch at average working pressure of 95

mmHg resulting in ZCd = 0.3 mlI/mmHg.

Total compliance was obtained as C=C,, + > .C,. The value of total

prox
compliance, C = 0.94 ml/mmHg, is in a physiological range, with C4 distributed
physiologically in each branch, and in good agreement with the Stergiopulos
model.

Waveforms of aortic pressure and flow recorded without the IABP
counterpulsating are shown in Figure 6.11 alongside with LV pressure. A
physiological hemodynamic profile was achieved in the MCS. Mean aortic
pressure was 95 mmHg. Integration of the aortic flow signal measured at the

aortic root confirmed that cardiac output was 2.7 I/min.
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% flow % flow % flow
Vascularbed . sured) [146] [150]
Coronaries 3.0 - 4
Head 154 14.2 13
Arms 53 5.2 -
Abdomen 46.5 52.9 48
Legs 31.2 17.6 26

Table 6.3: Measured flow distribution at the major vascular beds was in good
agreement with data reported in the literature by Segers et al. [146] and Nichols
and O’ Rourke [150].
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Figure 6.10: Comparison of expected (“R theoretical’) and measured (“R
model”) resistance for different branches of the aortic model showed that
resistance distribution implemented with capillary tubes in the MCS was in good
agreement with the theoretical values.
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Figure 6.11: Measurements of pressure and flow in the MCS without the IABP,
showing physiological hemodynamic profiles. Aortic flow at the aortic root (Qroor,
solid black line, measured with the 28 mm probe) and 2 cm retrograde from the
balloon tip (Q:p, shaded, measured with the 20 mm probe) are shown at the top.
Aortic pressure measured in the aortic arch is shown together with LV pressure
in the bottom panel.

6.4. Simulating the principle of counterpulsation

In order to simulate the principle of counterpulsation in vitro, the stepper
motor driver and the IABP (System 98, Datascope) had to be synchronized. A
short square pulse signal (0.054 s) generated by the driver at the start of every
forward movement of the piston was used as an ECG-surrogate signal for
triggering IABP inflation and deflation. The synchronization signal is generated
by a spare output from the stepper drive. The driver is connected with a BNC
cable to the appropriate ECG input port on the IABP, the same port where
previously a patient simulator was attached for the same purpose.

According to the IABP instructions, the front end panel can accept an

external ECG signal of 1 V while the square pulse signal was 24 V in
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magnitude. For this reason, a potential divider was added to the driver, in order
to reduce the voltage of the synchronisation signal to a level more suitable for
the IABP. This arrangement is shown in Figure 6.12.

Once the scaled ECG-equivalent signal was read by the IABP, further
fine-tuning of the timing of inflation and deflation was possible — if necessary —

via the controls of the IABP panel.

1.2KQ ;

i
1.2V

22 KQ § BNC

Figure 6.12: A potential divider ensured that the square pulse signal extracted
from the stepper motor driver (24 V) was scaled down in order to be read as an
ECG-trigger by the IABP. The BNC port is located on the back of the driver and
can then be connect to the IABP.

Once the driver and the IABP were synchronised, counterpulsation was
simulated in the MCS. Results with a 40 cc balloon (Datascope) inserted via the
right deep-femoral artery showed that the major features of counterpulsation
were obtained, namely:

1) early diastolic pressure augmentation during balloon inflation

2) inflection point on the aortic pressure signal at the onset of deflation

3) end-diastolic pressure reduction at the end of deflation, preceding the

following systole
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4) the contribution of balloon inflation and deflation to aortic flow was
clearly visible by a negative and positive peak in the Qg signal during
early and late diastole respectively.

These features are shown in Figure 6.13. In this case mean aortic pressure was

99 mmHg.
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Figure 6.13: Simulation in the MCS showing physiological hemodynamic
profiles. Shuttle gas pressure is reported as a reference of the balloon cycle
(top) with the IABP operated at 1.2 assisting frequency. Aortic flow at the aortic
root (Qrot, Solid black line, measured with the 28 mm probe) and 2 cm
retrograde from the balloon tip (Qip, shaded, measured with the 20 mm probe)
are show at the centre. The contribution of balloon inflation and deflation is
clearly visible especially at the balloon tip. Aortic pressure (bottom) shows the
main features of counterpulsation, namely: early diastolic augmentation,
inflection point at the onset of deflation and end-diastolic pressure reduction.
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6.5. Methodological considerations

The design of a MCS which is suitable for IABP testing has been
described. The MCS has physiologically correct distribution of resistance and
compliance and the artificial aorta ensured physiological anatomy. Pressure and
flow recordings in the MCS exhibited physiological features both with and
without the IABP counterpulsating, as desired. Some of the advantages,
limitations and distinctive features of the MCS are here described.

The MCS was designed to operate at a cardiac output of 2.7 I/min. This
was a restriction imposed by the choice of LVAD, which is not designed to
provide flow augmentation higher than 3 I/min [148]. This represents a limitation
in terms of the range of cardiac outputs that can be simulated in the MCS.
However, a choice of 2.7 I/min, although seemingly low, is considered
physiologically realistic for patients in need of IABP assistance. A similar value
of cardiac output (2.6 I/min) was in fact chosen for a previous counterpulsation
study [25].

In agreement with the observation by Wolf and Clinch [134] this MCS
does not include the right ventricle and atrium nor the pulmonary circulation
because the effects of IABP assistance are not relevant to these components.

The way in which terminal resistance was implemented at the end of
each branch prevented the possibility of readily adjusting the resistances in
order to simulate conditions of vasoconstriction or vasodilation. However, these
fixed resistances and their distribution were based on published data.
Resistance was not adjusted by regulation of R; in order to tune the system until
flow distribution was satisfactory or until the shape and amplitude of the

hemodynamic signals were physiological. Instead, this method provides
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certainty that during IAB pumping the flow generated by the IAB will be
distributed in a physiological way through each aortic branch.

The mechanism of coronary systolic flow impediment was not
reproduced in the MCS, consequently leading to predominantly systolic
coronary flow in the system. A physiologic value of mean coronary
microvascular resistance, based on patient data [145], was however
implemented in both coronary vessels, leading to admittedly not accurate shape
of coronary blood flow, but to realistic mean coronary flow. Given that the MCS
was designed to study the IABP, and that coronary flow augmentation is an
important parameter in this context, it was attempted to measure coronary flow
in fully opened coronary vessels in the MCS, to confirm that quantification of
coronary augmentation in the absence of the mechanism of coronary systolic
flow impediment would be misleading. A sample of coronary flow at the
horizontal position is presented in Figure 6.14a. From observation of this trace
and from the comparison with an in vivo trace of coronary flow during
counterpulsation (Figure 6.14b), it is clear that the coronaries in the current
model are perfusing during systole and do not present the flow pattern typical of
coronary flow. Despite the balloon contribution being easily recognisable on the
traces, information extracted from such signals would be inaccurate. As
indicated in the Future work section of Chapter 8, implementing the mechanism
of coronary systolic flow impediment would be a substantial improvement to the

current design.
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Figure 6.14: Sample of coronary flow measured in the MCS in fully open right
coronary at the horizontal position (a). An assisted and a non-assisted beat are
presented. It is clear, especially from the non-assisted beat, that qualitatively
the trace exhibits aortic flow characteristics rather than coronary flow
characteristics. This is due to the absence of the coronary systolic flow
impediment mechanism in the MCS. Comparison with an in vivo coronary flow
trace from unpublished data obtained by Louisville University and analysed by
the Biofluid mechanics group at Brunel University (b) highlights the not
physiological shape of coronary flow in the MCS.
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The dicrotic notch was not adequately reproduced in the aortic pressure
signal at valve closure (Figure 6.11). Despite the absence of the dicrotic notch,
the ability to regulate the length of systole and diastole from the software
controlling the driver provides accurate knowledge of the onset of diastole
without the necessity for a visual marker, such as the notch. Therefore, the
onset balloon inflation can still be set at the beginning of diastole, as
appropriate. Further tuning is also possible from the console of the IABP.

Several studies about MCSs in the literature suggest that a solution of
water and glycerine is a suitable blood analogue. The recommended
percentage of glycerine in the solution varies between 30% [146] and 40%
[138]. The present study however was not focusing on viscous effects and
therefore water alone was used as test fluid. Alongside other example of MCSs
employing water alone as flowing medium [151-153], Papaioannou et al. chose
water as flowing medium for an MCS designed to test the effect of compliance
specifically on IABP effectiveness [25]. In addition, McMahon et al. [133] also
used water as circulating fluid in a hydraulic model of the circulation for IABP
testing and pointed out that viscous effects “are not likely to modify substantially
the phenomena of balloon opening and closing”. In terms of the design of the
MCS, which is the focus of this Chapter, different flowing medium would result
in a need to change the capillaries implementing R. In fact the viscosity (u) of an
aqueous glycerine solution (40% glycerine) is p = 3.72 mPa-s at 20°C [154],
whereas for water alone py = 1.002 mPa-s at 20°C. Given R = AP/Q, and that AP

is proportional to p according to AP:M—LF (Hagen-Poiseuille equation) then
ar

the capillary lengths would have to be shorter in order to achieve them same R.

On the other hand, flow distribution would not be affected by this change, with
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the more irrigated vessels still receiving a larger proportion of Q and overall
physiological flow distribution. Considering that a main parameter of interest is
the amount displaced retrograde by the balloon and the variations of this
quantity with angle, this parameter is not likely to be affected by variations in p.
In fact, flow observations in the MCS are mostly focused on the region
corresponding to the ascending and descending aorta and “the effect of using
lower viscosity fluid on the flow profile [is] negligible due to the typical high
Womersley number (> 10) in the large vessels” [155], where the Womersley
number is the dimensionless quantity expressing the relation between pulsatile
flow frequency and viscous effects.

In this MCS, compliance was distributed according to the theoretical
model and not set in order to “tune” the signals generated by the driver.
Branches with a similar value of R can exhibit substantial differences in their
value of C, as in the case of the splenic and the mesenteric arteries, with the
mesenteric being about 13 times more compliant (Table 6.1). For this reason,
equal attention was put on the distribution of C as for the distribution of R.
Furthermore, measured C (0.94 ml/mmHg) was in good agreement with the
value proposed in the Stergiopulos model (1 mlI/mmHg).

The MCS was compact enough to be positioned on a hinged platform.
This characteristic represents an advantage of the MCS and is of clinical
relevance, since it allows varying the inclination of the MCS simulating the
commonly adopted semi-recumbent position in the ICU. This characteristic of
the MCS will be fully exploited in the work presented in Chapter 7 of this thesis,
investigating the effect of angle on the balloon when the IABP is

counterpulsating with the LV.
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Another advantage of the current MCS is the very flexible driver that was
used to generate flow. It allowed direct control of stroke volume and heart rate
as well as selection of different diastolic duration. This driver is independent of
the afterload and generates reproducible flow profiles.

Finally, the MCS is regarded as sufficiently simple and flexible to allow
other VADs to be studied with some modifications. It is envisaged that acute
hemodynamics of destination therapy devices could be tested by removing the
driver and LVAD (Abiomed) altogether and replacing them with the new device
to be investigated. Some modifications to the MCS would be required in this

case.

6.6. Conclusion

A MCS was designed and tested with an IABP application. The system
had physiological distribution of terminal resistance and compliance. The
simulation of IABP counterpulsation was successful, exhibiting major features
such as early diastolic pressure augmentation and end-diastolic pressure
reduction together with inflation and deflation volume displacement. Further
IABP testing in the MCS will be carried out, exploiting the advantage of the
MCS being positioned on a hinged platform simulating the semi-recumbent

position, as described in Chapter 7.
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CHAPTER 7
THE EFFECT OF ANGLE ON IABP MECHANICS:

MEASUREMENTS IN THE MOCK CIRCULATORY SYSTEM

7.1. Introduction

Mock circulatory systems (MCSs) have been successfully employed over
the years as test beds for ventricular assist devices (VADs) and for other
cardiovascular applications. Limiting the examples to recent literature, in 2004 a
pulsatile mock circulation loop was used to test a centrifugal pump as a
biventricular VAD [156]. In 2005 in vitro experiments were conducted in a mock
loop to study the MicroMed DeBakey VAD [157] and a mock loop comprising of
both systemic and pulmonary circulations was used to test a prototype LVAD
[158]. Evaluation of a naturally shaped silicone ventricle was carried out in a
mock circulatory loop in 2009 [159] and a mock loop was also used as a tool in
the development of an algorithm, as in the case of a MCS with sheep blood in
which an artificial heart was tested to identify a possible method for failure
detection [160]. Heart valves have also been tested in mock circulation,
including mechanical valves, such as the Omnicarbon tilting disc valve [161],
and prosthetic valves, such as the On-x mitral valve [162]. MCSs can also be
used as a term of comparison for the evaluation of computational [163] and
numerical models [164]. In addition, a MCS can be used as a teaching tool
[165]. This highlights the versatility of MCSs as a tool in cardiovascular
research.

As discussed in the previous chapter, specific MCSs with various

degrees of complexity have also been developed for the application of IABP
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testing [135, 137, 138]. As part of the present work, a new mock loop with
physiological distribution of terminal resistance and compliance has been
proposed for this application in Chapter 6, where the designs steps have been
described and the pilot measurements showed that this MCS was able to
reproduce physiological signals both in the absence of and during IABP
counterpulsation.

Following from previous observation about the effect of posture on IABP
operation, from the literature [90] and from this work, it is now aimed to
investigate the effect of angle on IABP operation when the balloon is
counterpulsating with the left-ventricle (LV) in an anatomically correct and
physiologically resembling setup. The clinical relevance of testing the IABP at
varying inclinations is linked with the semi-recumbent position [88, 89]. Merging
knowledge from previous chapters, it has been suggested that angle affects
IABP performance, in terms of duration of inflation and deflation (Chapter 4),
end-diastolic pressure reduction (Chapter 5) and flow-volume displacement in
the direction of the coronary circulation (Chapters 3 and 5). These parameters
will be further tested at a range of angles while simulating in vitro the principle of
counterpulsation. Also, having established knowledge about the wave intensity
pattern associated with the IABP alone at the horizontal position(Chapter 5), it is
aimed to observe the changes in the energy carried by the inflation and

deflation waves at an angle with the IABP counterpulsating.

7.2. Materials and methods
The MCS used for this investigation is described in Chapter 6. Given that

the artificial aorta was designed from the dimensions of a 175 cm tall patient
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from the Westerhof model [143], a 40 cc balloon (Datascope) was the correct
choice to fit the anatomy, according to Table 1.1.

The balloon was introduced via the left deep-femoral artery and pushed
until it reached the thoracic aorta. More specifically, the tip of the balloon was
positioned 2-3 cm below the departure of the left subclavian branch. However,
once in place, the base of the balloon extended below the renal bifurcation. The
balloon was driven with the IABP (System 98, Datascope) which was
counterpulsating with the LV, represented by the BVS 5000 Abiomed VAD. The
LV, as previously described, was driven by a stepper motor driver, which
throughout these experiments was set to produce a cardiac output of 2.7 I/min.
Heart rate was 60 bpm and diastolic time fraction was 68%. The IABP and the
driver were synchronized and fine-tuning of onset of inflation of the balloon was
further achieved using the slide controls on the IABP console. In order to
observe changes induced by different assisting frequency, the latter was set at
1:1,1:2and 1:3.

Exploiting in full the portability of the MCS and its ability to operate at
different inclinations, the semi-recumbent position was simulated and
measurements were performed in the horizontal position and at angles of 10,
20, 30 and 45°.

Aortic pressure (Ps,) was measured in the aortic arch using a 7F
transducer-tipped catheter (Gaeltec), which was inserted via the right deep-
femoral artery. Balloon shuttle gas pressure was measured as a reference of
the balloon cycle with a 5F transducer-tipped catheter (Millar). Flow was
measured at the aortic root with a 28 mm ultrasonic flowprobe (Transonic) and
just below the left subclavian artery with a 20 mm ultrasonic flowprobe

(Transonic). The latter (Q:p) was recorded in order to identify the full
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contribution of balloon inflation and deflation on the flow pattern, before part of
the flow-volume displaced by the inflating/deflating balloon was dispersed in the
arch vessels. Although the major effects of balloon counterpulsation do not
reflect on carotid flow and subclavian flow, both these measurements were
performed in order to monitor mean flow in the arch vessels. Hence, carotid flow
was measured in the right carotid with a 10 mm ultrasonic flowprobe
(Transonic) and subclavian flow was measured in the right subclavian with a 8
mm ultrasonic flowprobe (Transonic). Because the MCS cannot replicate the
mechanism of coronary systolic flow impediment, there was no interest in
monitoring coronary flow. A schematic representation of the locations where the
measurements were performed can be found in Figure 7.1. The pressure
sensors were calibrated with the method of the column of water. The flow-
measuring equipment was calibrated in situ before the measurements with the

method of timed collection.

Qroot

Pao

Qcar

| —
|
\

Qsub Q“p

Figure 7.1: Schematic representation of the aortic arch, showing the position of
the tip of the balloon 2 cm below the left subclavian. Measurement sites are
indicated with red circles: P, aortic pressure; Qip, aortic flow at the tip of the
balloon before it is dispersed in the arch vessels;, Quot, flow at the aortic root;
Qcar, carotid flow; Qsup, Subclavian flow.
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Data were acquired in Labview at 500 Hz and then processed in Matlab. For
any combination of angle and assisting frequency, five control beats and five
assisted beats were analysed and averaged. In the case of assisting frequency
of 1:3, one non-assisted beats following each assisted one was also analysed.
The effectiveness of balloon counterpulsation was quantified in terms of

- diastolic aortic pressure augmentation (DPA, Figure 7.2), as a measure

of the benefit of balloon inflation in terms of pressure

- end-diastolic pressure reduction (EDPR, Figure 7.2), as a measure of the

benefit of the unloading action of balloon deflation

- retrograde volume displacement (V,p), as an indication of the benefit of

balloon inflation in terms of flow; this volume was calculated by
integrating the negative peak in Q;p during balloon inflation as shown in
Figure 7.3.

The way in which the inflation volume was calculated from Qy, was based on
previous observations (Chapter 3 and Appendix A): since recirculation and
reversed flow are observed in late balloon inflation before the onset of deflation,
it is preferred to quantify the inflation volume on the basis of the volume
displacement towards the arch rather than the net volume displaced over the
whole inflation phase.

Wave intensity analysis was performed in order to study the wave pattern
during balloon counterpulsation and quantify any changes deriving from the
variation in angle. As shown in Chapter 4, when a horizontal balloon operates
without systolic flow it generates a backward compression wave during inflation
and a backward expansion wave during deflation. Flow velocity U was derived
from Qi by dividing with the nominal cross-sectional area of the 20 mm

flowprobe and wave intensity analysis was applied to phasic P, and U
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corresponding to adjacent measuring sites retrograde the balloon tip. Wave
speed was calculated with the PU loop method [109] and separated forward
and backward wave intensities were computed. From the integration of the dl,
pattern over time it was possible to calculate the energy carried by the
backward compression and expansion waves, during inflation and deflation
respectively.

Since the 40 cc balloon extended below the renal bifurcation, the effect
of choosing the wrong balloon with respect to patient size was shown in this
study by inserting also a 25 cc instead of the 40 cc balloon and repeating all the
same measurements of pressure and flow over the same range of angles. IABP
settings and settings of cardiac output and heart rate were kept constant. The
difference induced in the system by using the smaller 25 cc balloon consists
mainly in the balloon chamber not extending below the renal bifurcation,

according to IABP guidelines. This is shown in Figure 7.4.

mmHg)

Aortic pressure (

time (s)

Figure 7.2: An example of the aortic pressure signal measured during IABP
counterpulsation with the 25 cc balloon in the MCS. Diastolic pressure
augmentation (DPA) and end-diastolic pressure reduction (EDPR) are shown
on the assisted beat.
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Figure 7.3: An example of the aortic flow signal measured during IABP
counterpulsation with the 25 cc balloon in the MCS. The trace represents Qyp,
i.e. flow measured before the aortic arch with the 20 mm ultrasonic flowprobe.
The volume displaced during balloon inflation is shown by the shaded area.

S

Figure 7.4: Both a 25 cc and 40 cc balloon were tested in the aorta,
demonstrating the effect of choice of balloon size. As shown, the 40 cc in this
case extended below the renal bifurcation.
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7.3. Results
7.3.1. The 25 cc balloon

Pressure measurements highlighted the effect of angle and assisting
frequency on DPA (Figure 7.5a) and EDPR (Figure 7.5b). DPA was significantly
reduced with increasing angle at 1:1 (p < 0.05) and 1:3 (p < 0.005). EDPR was
reduced significantly at all frequencies (p < 0.05 or smaller). In both cases, 1:1
ratio produced a larger benefit, in terms of a more substantial DPA or EDPR.

Flow measurements showed that V,, did not vary either with angle or
with assisting frequency (Figure 7.6). It was also observed that a larger
proportion of balloon volume is displaced in the retrograde direction rather than
towards the renal arteries. In the horizontal case, V., was 79% of balloon
volume (19.8 ml), from V,, displaced on average at the three different assisting
frequencies.

The WIA pattern associated with counterpulsation is shown in Figure 7.7.

From wave intensity results, the BCW (Figure 7.8a) was significantly
reduced with increasing angle at 1:1 (p < 0.005) and 1:3 (p < 0.05). The BEW
(Figure 7.8b) was also significantly reduced with increasing angle at 1:1 and 1:3
(p < 0.05), this mirroring the case of DPA and EDPR. These results also
confirmed that 1:1 assistance generated a larger benefit, since at this frequency
both BCW and BEW carried higher energy.

In addition, the incremental change in angle did not show a marked effect
of mean carotid flow. Comparing the horizontal (Figure 7.9a) and 45° angle
(Figure 7.9b) case, mean Qg Of the assisted beats remained constant at all
assisting frequencies. Instead, it was not possible to identify a clear pattern of
variations in subclavian flow. Mean Qgy, at the horizontal case and at 45° angle

is shown in Figure 7.10a and 7.10b respectively.
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Figure 7.5: Changes in diastolic pressure augmentation, DPA (a) and end-
diastolic pressure reduction, EDPR (b) with increasing angle for the 25 cc
balloon. Each bar represents the average of 5 measurements and error bars

represent SD.
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Figure 7.6: Changes in flow-volume displacement opposite to the balloon tip in
the direction of the coronary circulation with increasing angle for the 25 cc
balloon. Each bar represents the average of 5 measurements and error bars
represent SD.
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Figure 7.7: The wave intensity pattern associated with balloon counterpulsation
in vitro. A full assisted heart beat is depicted. Left-ventricular ejection is
associated with a forward compression wave (FCW). During balloon assistance,
a backward compression wave (BCW) associate with balloon inflation and a
backward expansion wave (BEW) associated with balloon deflation can be
identified.
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Figure 7.8: Changes in the energy carried by the BCW associated with balloon
inflation (a) and the BEW associated with balloon deflation (b) with increasing
angle for the 25 cc balloon. Each bar represents the average of 5
measurements and error bars represent SD.
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Figure 7.9: Changes in mean flow in the right carotid artery during balloon
assistance (25 cc balloon). Mean flow for each assisting frequency is reported
for the assisted beats, their preceding non-assisted beats and, in the case of
1:3 assisting frequency, also for the non-assisted beats following the assisted
ones. The horizontal (a) and 45 °angled case (b) are depicted.
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Figure 7.10: Changes in mean flow in the right subclavian artery during balloon
assistance (25 cc balloon). Mean flow is reported for each assisting frequency
for the assisted beats, their preceding non-assisted beats and, in the case of
1:3 assisting frequency, also for the non-assisted beats following the assisted

ones. The horizontal (a) and 45 °angled case (b) are depicted.
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7.3.2. The 40 cc balloon

Measurements performed with the 40 cc balloon in the MCS showed
similar results as those described for the 25 cc balloon, but in some cases — as
shown below — the effect of angle was more pronounced.

DPA (Figure 7.11a) was significantly reduced with increasing angle at all
assisting frequencies (p < 0.005 or smaller). Equally EDPR (Figure 7.11b) was
significantly reduced across the range of operating angles (p < 0.005) and in
this case it is interesting to note that at 45° EDPR has negative values. This
observation indicates that the deflation benefit is lost at the highest angle (end-
diastolic pressure cannot be lowered).

In opposition to the 25 cc flow-volume results, in this case V,, was
reduced at 45° by 15% compared to the horizontal position (Figure 7.12). This
reduction was significant for all frequencies (p < 0.05 for 1:1, p < 0.005 for 1:2, p
< 0.001 for 1:3).

Wave energy also showed a reduction due to angle. Both BCW (Figure
7.13a) and BEW (Figure 7.13b) were significantly reduced from 0 to 45° (always
p < 0.0001).

As for the case of the 25 cc balloon, mean values of Qcar and Qg are

provided (Figure 7.14 and 7.15 respectively).
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Figure 7.11: Changes in diastolic pressure augmentation, DPA (a) and end-
diastolic pressure reduction, EDPR (b) with increasing angle for the 40 cc
balloon. Each bar represents the average of 5 measurements and error bars
represent SD. In (b) negative pressure values at 45 °angle indicate the inability

of balloon deflation to reduce end-diastolic pressure.
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Figure 7.12: Changes in flow-volume displacement opposite to the balloon tip in
the direction of the coronary circulation with increasing angle for the 40 cc
balloon. Each bar represents the average of 5 measurements and error bars
represent SD.
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Figure 7.13: Changes in the energy carried by the BCW associated with balloon
inflation (a) and the BEW associated with balloon deflation (b) with increasing
angle for the 40 cc balloon. Each bar represents the average of 5
measurements and error bars represent SD.
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Figure 7.14: Changes in mean flow in the right carotid artery during balloon
assistance (40 cc balloon). Mean flow for each assisting frequency is reported
for the assisted beats, their preceding non-assisted beats and, in the case of
1:3 assisting frequency, also for the non-assisted beats following the assisted

ones. The horizontal (a) and 45 °angled case (b) are depicted.
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Figure 7.15: Changes in mean flow in the right subclavian artery during balloon
assistance (40 cc balloon). Mean flow for each assisting frequency is reported
for the assisted beats, their preceding non-assisted beats and, in the case of
1:3 assisting frequency, also for the non-assisted beats following the assisted
ones. The horizontal (a) and 45 °angled case (b) are depicted.
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7.4. Discussion

This study focused on the effect of angle on balloon mechanics during
counterpulsation. It was carried out in the MCS described in Chapter 6, which
provided physiological distribution of terminal resistance and compliance. A 25
cc balloon and a 40 cc balloon were tested. Results showed that both diastolic
aortic pressure augmentation and end-diastolic aortic pressure reduction are
reduced with increasing angle. On the other hand, V,, remained unchanged
over the range of angles for the 25 cc balloon, while it was reduced by about
15% at 45° in the case of the 40 cc balloon, showing that the balloon of
incorrect size underperformed. Furthermore, wave intensity analysis was
performed, offering an alternative way to assess the effect of angle on balloon
inflation and deflation. As well as the effect angle, this study highlighted the
impact of assisting frequency on balloon operation and especially on the
pressure parameters.

In terms of pressure, DPA and EDPR have been analysed, chosen as
indicators of the action of balloon inflation and deflation respectively. EDPR was
more affected by an increment in angle. For the case of the 25 cc balloon, an
average (taking into account the three different assisting frequencies) reduction
of 32 + 9.7 % was observed from 0 to 45° This suggests that the benefit
associated with balloon deflation, namely the unloading action resulting in
reduced LV afterload, is jeopardized by the angled position. Taking into account
EDPR and DPA it was also observed that in both cases operating the balloon at
assisting frequency of 1:1 resulted in increased EDPR and DPA. Specifically, in
the horizontal position, EDPR was 78% higher than 1:2 and 65% higher than

1:3 and DPA was 29% higher than 1:2 and 32% higher than 1:3, likewise in the
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angle position EDPR was 138% higher than 1:2 and 100% higher than 1:3 and
DPA was 18% higher than 1:2 and 26% higher than 1:3. These results suggest
that a possible increased benefit may be achieved both in terms of inflation
(DPA) and deflation (EDPR) when operating the IABP at 1:1, assisting every
heart beat.

A similar picture emerges when considering the pressure results
obtained with the 40 cc balloon counterpulsating in the MCS. As for the 25 cc,
increasing angle resulted in a reduction of DPA and EDPR, with assisting
frequency 1:1 again yielding better results than the other frequencies. The
major difference to be highlighted is in terms of EDPR. At an angle of 45°, the
deflating 40 cc balloon was not able to reduce end-diastolic pressure, as shown
by the negative values of EDPR recorded at this position for all assisting
frequencies. It should be noted that the 40 cc balloon was oversized for the
dimensions of the artificial aorta. Results of EDPR indicate that a balloon of
incorrect size may result in reduced (even lost) benefit of balloon deflation when
operating at an angle, with 45° being a possible backrest angle for patients
nursed in the semi-recumbent position.

Examining flow results, V,, an indicator of coronary flow augmentation,
was used to quantify the hemodynamic benefit associated with balloon inflation.
The Qyjp signal clearly showed the volume displaced by balloon inflation before it
gets partly dispersed in the arch vessels (Figure 7.3). Overall, neither angle nor
assisting frequency affected the amount of retrograde flow-volume displaced by
the inflating balloon. Considering the 25 cc balloon, V,, was on average 19.8 ml
at the horizontal position and 20.8 ml at the maximum angle (45°). This result
suggests that the action of balloon inflation in terms of volume displacement is

not affected by variations in posture, for all assistance ratios. Previous
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observations in an artificial aorta but in the absence of counterpulsation
(Chapter 4) have shown that the effect of increasing angle on V;, is related to
the level of intra-luminal pressure, with flow-volume decreasing with increasing
angle for low intra-luminal pressure (45 mmHg) and on the contrary flow-volume
overall lower but unchanged by angle for high intra-luminal pressure (115
mmHgq). Intra-aortic pressure in the MCS was about 97 mmHg. The behaviour
of Vi — constant with increasing angle — is thus related to the level of intra-
aortic pressure.

However, a different scenario was observed for the case of the 40 cc
balloon. In this case, V,, was affected by increasing angle, with a reduction of
15% from 0 to 45° This reduction was significant for all three assisting
frequencies. It should be noted, though, that the net amount of V,, is larger
when the 40 cc was pumping, despite this amount being affected by an
increase in angle. Effectively, it is the larger balloon that displaces the more
retrograde volume, resulting in larger inflation benefit.

Despite this difference, in both cases (25 and 40 cc balloons) the majority
of balloon volume is displaced in the direction of the arch; just looking at the
horizontal position, 79% and 75% of balloon nominal volume was displaced
retrograde, for the 25 cc and 40 cc balloon respectively; this result confirms
previous observations in latex tubes (Chapter 3) and in the artificial aorta
(Chapter 4).

In addition to pressure and flow results, wave intensity analysis was
performed in this study. The wave intensity pattern during balloon
counterpulsation in vitro (Figure 7.7) shows the FCW generated by LV ejection
and its reflection from the periphery, the BCW associated with balloon inflation

and the BEW associated with the suction generated by balloon deflation. It is
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noted that the expansion wave due to LV relaxation usually seen in a
conventional WIA aortic pattern here is not visible, because the mechanism
operating the LVAD does not mimic LV relaxation. The BCW and BEW were
previously identified in vitro (Chapter 4) in the absence of counterpulsation.
Results of WIA suggest that this analysis can provide an alternative way to
assess the effect of angle on the hemodynamic parameters under investigation.

Similar changes between hemodynamic parameters and wave energy
were observed with changes in assistance frequency and angle. Pressure
results showed that assisting frequency of 1:1 produced higher DPA and higher
EDPR. The same can be observed about the energy carried by the BCW and
BEW,; particularly for the BCW, 1:1 assistance resulted in higher amount of
energy. Further, an increase in angle induced a reduction both in DPA and
BCW energy and similarly both in EDPR and BEW energy. These observations
warranted further investigation of the relationship between pressure parameters
of balloon benefit and wave energy.

Both for the 40 cc and the 25 cc balloon, significant correlations between
DPA and BCW energy (Figure 7.16a) and between EDPR and BEW energy
(Figure 7.16b) were found. There correlations highlight the fact that results from
wave intensity analysis can be used as an alternative to assess the effect of
angle on balloon mechanics. The wave intensity pattern can be an important
tool in the understanding of its mechanical behaviour, containing a considerable
amount of information related to the behaviour of the balloon. It is foreseen that
wave intensity analysis could be a viable alternative for the quantification of the

balloon benefits, both for inflation and deflation.
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Figure 7.16: Correlation between diastolic artic pressure augmentation (DPA)
and the energy carried by the backward compression wave (BCW) associated
with balloon inflation for the 25 cc balloon (a) and the 40 cc balloon (b).
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The usefulness of wave intensity analysis in assessing balloon
performance raises a more general question: How should the benefits of
balloon counterpulsation be assessed? First of all, in the context of this work, it
is necessary to note that, although the MCS used for these measurements is
more complex and more physiological than the setups described in Chapter 3 or
Chapter 4, an in vitro investigation is always an approximation. So comparisons
with the literature relative to IABP in vivo should be stated with caution.
However, by referring to previous studies relative to the IABP, it is clear that
there is not a commonly recognised method to quantify balloon performance.
Performance indexes have been proposed, for example by Jaron et al. [63, 166]
and by Kao and Ohley [77]. Besides, it is arguable whether the benefit of IABP
counterpulsation should be assessed in terms of pressure or flow. Previous
studies have supported the theory that the real benefit of IABP is its unloading
action during deflation especially in the presence of coronary artery stenosis
[59, 93, 167], disregarding the contribution to the coronary perfusion during
inflation.

In the light of these observations, assessing the effect of increasing angle
in terms of pressure, it is clear that the reduction of both DPA and EDPR
indicates the negative effect of posture on balloon performance. Considering
also the effect of increasing angle on volume displacement, especially
considering the case of the 25 cc balloon which is the correct choice of balloon
given the dimensions of the artificial aorta, it could be argued that increasing
angle does not influence the inflation benefit of the balloon by observing the
constant behaviour of V. These observations are based on this set of
experiments but direct comparison with the in vivo case should be stated with

caution.
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Considering coronary perfusion augmentation, the MCS did not model
the mechanism of coronary systolic flow impediment. Deductions about flow
were mainly based on knowledge of Qi,, which was regarded as a useful
source of information since the total contribution of the inflating balloon is not
yet dispersed into the arch vessels. On top of this, measurements of carotid and
subclavian flow were performed. Correct flow distribution in the aortic arch was
ensured in this case by the correct distribution of terminal resistance, previously
demonstrated in Chapter 6. From the measurements of carotid and subclavian
flow it was possible to identify the contribution of the inflating balloon, as shown
in the examples provided in Figure 7.17. Following from this observation, it is
deduced that V, — accounting for 79% and 75% of the balloon nominal volume
for the 25 cc and the 40 cc balloon respectively — is partly distributed in the
carotid and the subclavian vessels before reaching the coronary circulation.

An additional remark to be made about mean subclavian flow is that, as
observed in Figure 7.10 and 7.15, the negative mean value of Qg Suggests the
possible presence of a steal phenomenon induced by balloon deflation. The
steal phenomenon is usually observed in the coronary circulation, and a
coronary-subclavian steal has been reported in the presence of coronary artery

bypass graft (CABG) [168].
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Figure 7.17: An example of flow measured in the right carotid (Qca;) and in the
right subclavian (Qsus) exhibiting the contribution of balloon inflation and
deflation on the flow pattern. Shuttle gas pressure (Pspue) IS also shown as a
reference of the balloon cycle.

Finally, albeit not the original focus of the study, assisting frequency
clearly emerged throughout the results as a parameter affecting the IABP,
especially the pressure parameters, with 1:1 frequency emerging as the option
that would deliver the greater benefit. This result is in agreement with an earlier
observation, namely that, in the context of patient weaning, reduction of
assisting frequency from 1:1 to 1:2 reduces augmentation of coronary perfusion

and diastolic aortic pressure by 50% [169]. This observation was also extended
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to the deflation phase. The greater benefit of continuous assistance is linked
with the fact that the periodic action of the IABP during 1:1 lowers the baseline
pressure at which the system operates, as indicated in Figure 7.18, while Q
remains unaffected. Such a reduction indicates that, overall, peripheral
resistance is also lower. Hence, pumping against a lower resistance, the
balloon is operating more effectively. Moreover, the periodicity of 1:1 assistance
in comparison with 1:2 and 1:3 results in lower inertial effects [170], supporting
the fact that 1:1 assistance can generate larger DPA and EDPR (and also BCW

and BEW), because the balloon motion in the fluid is less opposed to.
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Figure 7.18: Sample of aortic pressure in MCS (horizontal position, 40 cc) with
assistance set at 1:1 (a) and 1:3 (b), showing the reduction in baseline pressure
at 1:1 which results in overall more effective pumping, since the balloon is
essentially working against a lower resistance.
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Methodological considerations:

The experiments in the MCS were repeated for two balloons of different
size (25 cc and 40 cc). However, balloons of different shape could not be
tested. The tapered balloons, TDD and TID, previously described (Chapter 3
and Chapter 5) resulted to be excessively long for the dimensions of the
artificial aorta. Not only the base of the balloons extended below the renal
bifurcation and the tip of the balloon was positioned into the aortic arch, way
past the left subclavian artery, hence disregarding traditional guidelines of
balloon placement; but also, because of their length, it would not have been
possible to perform measurements at the same measurement sites used for the
25 cc and 40 cc balloons, rendering any comparison very difficult.

As said, the mechanism of coronary systolic flow impediment was not
modelled in the MCS used for the experiments. Consequently, given that the
flow profile of coronary flow would not have been physiological, coronary flow
was not measured during this study.

Also, the forward expansion wave associated with LV relaxation was not
detected in the wave intensity profile. This might be related to the Abiomed

LVAD not mimicking this phenomenon.

7.5. Conclusion

This in vitro study in a MCS with physiological distribution of terminal
resistance and compliance highlighted that the effect of increasing angle on
balloon performance can be considered as adverse if assessed in terms of
pressure. Changes have been recorded both in terms of diastolic pressure

augmentation and end-diastolic aortic pressure reduction, relating with balloon
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inflation and deflation respectively. On the other hand, the amount of flow
displaced during inflation into the aortic arch toward the coronary circulation
was less affected by increasing angle, especially in the case of the 25 cc
balloon.

These changes have also been identified by means of wave intensity
analysis. A significant correlation was found between the compression wave
associated with balloon inflation and diastolic pressure augmentation and
between the expansion wave associated with balloon deflation and end-diastolic
pressure reduction. Wave intensity is thus regarded as a resourceful analytical
tool to understand the wave pattern associated with counterpulsation.

It was further observed that the IABP assisting frequency had a marked
effect on the measured parameters. Frequency set at 1:1 appeared to be more
beneficial than 1:2 or 1:3, especially according to the pressure parameters and

reinforced by wave intensity. This result is in agreement with the literature [169].
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CHAPTER 8

CONCLUSIONS AND FUTURE OUTLOOK

The IABP has been clinically employed for decades; however, some
aspects of the operation of the intra-aortic balloon had not been investigated
before. This thesis focused on the mechanics of the intra-aortic balloon.
Pressure and flow measurements have been carried out in vitro in gradually
more physiological setups, from a single latex tube (Chapter 3) to a mock
circulatory system with physiological distribution of terminal resistance and
compliance (Chapter 7). Also, observations based on hemodynamic
measurements have been supported with a visualisation study (Chapter 5).

Considering the semi-recumbent position adopted in the clinical setting,
the effect of angle on balloon mechanics was investigated. This parameter was
also distinguished from the effect of intra-luminal pressure, since a change in
angle is necessarily accompanied by a variation in the intra-luminal pressure
surrounding the balloon. In summary, it was observed that:

- End-diastolic pressure reduction, taken as an indicator of the benefit of
balloon deflation, is reduced with increasing angle, as shown in an artificial
aorta (Chapter 4) and in the mock circulatory system (Chapter 7). For the
case of an horizontal balloon, it was shown that increasing intra-luminal
pressure increased end-diastolic pressure reduction (Chapter 4).

- In terms of the amount of retrograde volume displacement, a larger
proportion of the balloon nominal volume is displaced in the retrograde
direction. This was observed both in a single latex tube (Chapter 3) as well

as in the mock circulatory system (Chapter 7). The percentage of retrograde

190



Chapter Eight — Conclusions and future outlook

flow-volume displacement varies up to 79% of the balloon nominal volume.
This quantity was shown to depend on intra-luminal pressure. A reduction in
flow-volume with increasing angle (0-45°) was measured at low intra-luminal
pressure and an overall lower amount but constant over the range of angles
at high intra-luminal pressure (Chapter 4).

- The duration of inflation is prolonged with higher intra-luminal pressure and
varies with increasing angle depending on the level of transmural pressure
across the membrane of the balloon, while the duration of deflation is
shortened with higher intra-luminal pressure and increased with increasing
angle (Chapter 5).

- The amount of energy carried by the compression wave associated with
balloon inflation was reduced at higher intra-luminal pressure (Chapter 4)
and also reduced with increasing angle (Chapter 7). The amount of energy
carried by the expansion wave associated with balloon deflation was
increased at higher intra-luminal pressure (Chapter 4) and reduced with
increasing angle (Chapter 7).

- Assistance frequency was not one of the major parameters under
investigation, but results of diastolic aortic pressure augmentation and end-
diastolic pressure reduction from the mock circulation experiment (Chapter
7) suggested that 1:1 frequency would result in marked increased benefit

from IABP counterpulsation, in agreement with a previous observation [169].

In general, the effect of angle on balloon mechanics, with reference to the
semi-recumbent position, was studied throughout this thesis (Chapters 3, 4, 5
and 7) and a summary is provided in Figure 8.1, showing that counterpulsation

is more effective at the horizontal position.
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Figure 8.1: Summary plot, merging results from different setups (Chapter 4 and
Chapter 7), summarizing changes in V,, (inflation benefit) and EDPR (deflation

benefit). It shows that the largest counterpulsation benefit is achieved in the
horizontal position with a balloon of large volume.

Initially it was shown that, in a single latex tube (Chapter 3), a small
increment in angle (19°) resulted in a reduction of the amount of flow-volume
displaced in the retrograde direction. It was further shown (Chapter 4) that this
effect depends on the level of transmural pressure across the balloon
membrane. Measurements in a more physiological setup (Chapter 7) have
shown that angle does not affect the volume displaced during inflation. On the

other hand a reduction of the benefit of balloon deflation was associated with
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the increase in angle. One of the two major benefits of IABP therapy, namely
the reduction of afterload reflecting as decreased workload for the recovering
myocardium, achieved with balloon deflation, is affected by a change in posture.
By quantifying the benefit of deflation by means of end-diastolic pressure
reduction, it was shown both in an inclined artificial aorta (Chapter 4) and in a
complete mock circulatory system (Chapter 7) that increasing angle results in
lesser end-diastolic pressure reduction.

Combining these observations it was apparent that in order to assess the
effect of angle on balloon mechanics it was necessary to decide whether to
weight the benefit of IABP in terms of balloon inflation (coronary perfusion
augmentation) or balloon deflation (myocardial unloading). In agreement with
previous observations [59, 93, 167], the unloading action of balloon deflation
can be regarded as the main benefit of the IABP. Hence, in vitro results suggest
that angle has overall a negative effect of IABP therapy. Also, increasing intra-
luminal pressure resulted in larger end-diastolic pressure reduction and hence
increased the unloading action of balloon deflation. In this sense, it is concluded
that it is preferable to operate the balloon at high intra-luminal pressure. This is
in agreement with the literature [120, 121].

The visualisation study showed changes in the timing of the balloon cycle
with posture. The dependence of the duration of inflation and deflation on angle
is an indication that, in clinical terms, adjustments of the onset of inflation and
deflation with the apposite commands on the IABP panel may (completely or to
some extent) compensate for the adverse effect of increasing angle.

Changes in the amount of flow-volume have been further explained by
examining volume displacement in relation to the level of intra-luminal pressure

surrounding the balloon (Chapter 4) and changes in balloon cross-sectional
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area at different transmural pressures. Furthermore, flow recirculation during
late balloon inflation has been detected (Chapter 3 and Appendix A).

Wave intensity analysis was applied to the case of IABP counterpulsation.
This analysis has not been employed yet in the study of cardiac assist devices.
Not only it was useful for the purpose of identifying the waves generated by the
inflation and deflation of the balloon (Chapter 4) but more importantly it showed
that the assessment of balloon performance could alternatively be performed by
quantifying the energy carried by the waves generated by balloon inflation and
deflation (Chapter 7). In fact a significant correlation was found between the
energy carried by the compression wave generated during balloon inflation and
diastolic pressure augmentation and between the energy carried by the
expansion wave generated during balloon deflation and end-diastolic pressure
reduction.

Measurements of balloon internal pressure, previously not available, were
performed (Chapter 5). These highlighted the difference between operating the
balloon in a compliant tube or in a rigid tube. Major qualitative differences were
exhibited, confirming previous observations about the significant effect of
compliance on IABP. Such difference was also quantified as the “stopping
shock” phenomenon, which coincides with the end of balloon deflation.

Finally, this work involved testing prototypes of balloons with a novel shape,
with increasing/decreasing tapered diameter from the catheter to the tip. These
balloons showed differences in terms of pressure distribution (Chapter 3) and
duration of inflation and deflation (Chapter 5) with respect to traditional
cylindrical balloons. However, the novel balloons presented a problem in terms
of their dimensions and were too long to be tested in the mock circulatory

system (Chapter 7) so a full set of data for the prototype is still lacking.
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These results overall bear clinical relevance. It is in fact suggested that, in
the case of a patient nursed in the semi-recumbent position, the benefit of IABP
therapy will be compromised (Figure 8.1). Also, pressure results and results on
intra-luminal pressure indicate that hypotensive patients may not receive the full
benefit of balloon deflation as quantified by the related reduction of myocardial
workload. However, such remarks should be stated with caution, because these
results were obtained in vitro and in the case of in vitro experiments it is not
possible to reproduce biological phenomena and autoregulation [93, 171].
Moreover, some components of the test beds were not modelled physiologically
(such as the mechanism of coronary systolic flow impediment in the case of the
mock circulatory system described in Chapter 6). Conversely, the benefit of
performing experiments in vitro is that it is possible to reduce the number of
variables under investigation, dissecting the problem and studying each variable
separately.

In conclusion, this work clarified some aspects of |IABP that were not
previously reported. With respect to the aims enunciated in Chapter 1, it was
shown that:

(1) operating the balloon at an angle reduces the efficacy of

counterpulsation

(2) variations in intra-luminal pressure, translating in variations in transmural

pressure across the balloon membrane, affect the mechanisms of
balloon inflation/deflation

(3) a mock circulatory system suitable for IABP testing was constructed and

its strengths (physiological distribution of terminal resistance and
compliance, portability, driver independent of afterload) and limitations

(lack of coronary systolic flow impediment mechanism) were described
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(4) wave intensity analysis proved to be a suitable descriptor of balloon

operation

Finally, it is foreseen that — although IABP therapy has been employed for

decades and currently the IABP is the most widely used temporary VAD — the

benefit of this device might be further enhanced, possibly exploring new balloon

shapes, as attempted by including in this work preliminary results on novel

balloons with tapered diameter.

In the light of these conclusions and of the results presented in this thesis,

some points are here proposed for future development:

the balloons of novel shape deserve further study, since — as said — they
could not be tested in the mock circulatory system, which would have
provided a physiological environment in which to expand the encouraging
results presented in Chapter 3. The current available tapered design
necessarily requires a balloon longer that those commercially available and
the extra length results in incorrect balloon placement according to the
commonly adopted guidelines. If however further study in more physiological
test beds confirms the benefits of the rationale behind the novel design, it is
put forward that such rationale may be incorporated into a cylindrical balloon
by manufacturing a balloon membrane of non-uniform thickness. This would

not compromise the design in terms of length.

PIV measurements have proved to be a resourceful tool in the study of the
flow pattern generated during balloon inflation (as indicated in Chapter 3 and

reported in Appendix A). However, in this context an ad hoc study was
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referred to. It is envisaged that by further exploiting the PIV technique to
study the flow generated during balloon inflation and deflation interesting

results may be achieved.

With the aid of appropriate software, simultaneous measurements of balloon
pressure and high-speed camera recording may be performed. This would
be beneficial, by allowing mapping of the events occurring during the balloon
cycle on the balloon pressure signal, providing detailed resourceful

information.

The mock circulatory system presented in Chapter 7 can be further
improved, chiefly by devising a method to reproduce the mechanism of
coronary systolic flow impediment. Such an improvement would allow
measurements of flow in the coronary vessels. Furthermore, although these
were not the priority of the study, measurements of carotid and subclavian
flow have been carried out in the mock loop and they indicated the
contribution of balloon inflation and deflation to the flow pattern of arch
vessels. It was thus envisaged that part of the aforementioned amount of
balloon volume displaced retrograde from the tip toward the coronary
circulation may be dispersed in the arch vessels. This point can be further
studied by means of more detailed measurements of flow distribution in the

aortic arch.
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APPENDIX A
PIV VISUALISATION CONFIRMING FLOW RECIRCULATION

DURING INTRA-AORTIC BALLOON INFLATION

Particle Image Velocimetry (PIV) is an optical measurement technique
used to obtain velocity information of whole flow fields in fractions of a second
[172].

Observations during a PIV visualisation experiment, performed with
equipment from Dantec Dynamics (Dantec Dynamics, Tonsbakken, Denmark),
confirmed the presence of flow recirculation during late balloon inflation, before
the onset of deflation.

A 40 cc balloon was submerged in a water bath, adequately seeded for
PIV visualisation. The balloon was inflated and deflated only once, at 1:3
assisting frequency and 60 bpm heart rate. A 200 ms recording was obtained at
500 frames/s, after the onset of inflation but before the onset of deflation. The
acquired images clearly showed the velocity vectors turning from the direction
opposite to the balloon tip (sample 1 and 30) back towards the balloon (sample
60 and 99). These results confirmed visually the observations in Chapter 3,
where flow recirculation was observed on the flow waveforms obtained in a
latex tube.

Four images are here shown in sequence to demonstrate this
phenomenon (samples 1, 30, 60 and 99 from the recording, the time of the
sample reported in brackets). The pink arrows represent the velocity vectors
and indicate the direction of flow. The tip of the balloon is easily recognisable on

each image as an elongated white oval.
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Sample 1 (t =2 ms):

Sample 30 (t = 60 ms):
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Sample 60 (t = 120 ms):

Sample 99 (t = 198 ms):
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APPENDIX B

TRANSMURAL PRESSURE CURVE FOR DIFFERENT BALLOONS

In order to check the reproducibility of the concept of the transmural
pressure curve (TPC) obtained in Chapter 5 for a 40 cc balloon, such curve was
obtained for balloons of different volumes (25, 34 and 50 cc, in addition to the
40 cc) and of different shape (TID and TDD balloons).

The curves were obtained in the same way as previously described, with
each balloon submerged in a water bath and rapidly inflated once at
increasingly high pressure, measuring the volume displaced by the balloon with
a measuring cylinder.

As shown in Figure B.1, all balloons exhibited a similar behaviour and for
all it was possible to identify a linear part and a plateau region of the TPC, as
expected from Chapter 5.

Interestingly, it should be pointed out that, while the commercially-
available cylindrical balloons of different sizes were all able to displace more
than their nominal volume at high P, the tapered balloons could displace only up
to the total original volume. This difference was explained in terms of wall
thickness. The TDD and TID balloons are prototypes and are not commercially-
available and the thickness of the membrane was higher than that of the
cylindrical balloons. Wall thickness was measured with a calliper and it was
estimated 0.128 mm for all cylindrical balloons and 0.275 mm for the tapered
balloons. As a result, it was alleged that it was more difficult for the TID and

TDD balloons to stretch.

201



Appendix B

60.0
i L ° ° ° *
°
°
L LA ) ° ° ¢
40.0 o °* ° ¢
:E\ g0 L0 ® LipAe fle 4 4
~ 2 ® A
% T o& A ° °
el ° L4 ® o ®
= * : ¢ 50
200 1 ?. . 40
2 s+ TID
| S TDD
A e 34
£ e 25
¥
0.0 T T T T I
0 50 100 150 200 250

Transmural pressure (mmHgQ)

Figure B.1: The TPC was calculated for balloons of different size (25, 34, 40
and 50 cc) and shape (cylindrical, TDD and TID). In all cases, the curve of each
balloon exhibited the same behaviour, with a linear part at low P range and a
near-plateau region at high P range. However, the TID and TDD balloons were
not able to displace more than their total nominal volume at high P, and this was
believed to be due to the thicker balloon membrane of the tapered balloons.
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APPENDIX C
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