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Abstract

Purpose Despite significant improvements in the design and performance of continuous flow left ventricular assist devices
(CFLVAD:s), one of the most important reasons hampering further penetration of this technology is the occurrence of adverse
events, especially strokes. One of the well-known risk factors for strokes is hypertension which is particularly common in
patients undergoing a CFLVAD implant. While the device is implanted in the heart, strokes happen due to pathology in the
brain and we hypothesised that modelling the blood flow in the circle of Willis might shed light on the causation of strokes
in this situation.

The aim of the study was two-fold:

1. What is the reason for hypertension in CFLVADs? 2. Do anatomical factors in the circle of Willis play a role
Are there physical factors at play, besides neurohumoral in the causation of strokes in these patients?
mechanisms?

Methods The circle of Willis is often incomplete and has a number of anatomical variations, the commonest being the
absence of the posterior communicating artery. Hypertension is common after CFLVAD implantation and is also a well-
known risk factor for strokes. We examined the blood pressure in the cerebral circulation with pulsatile and non-pulsatile
flow for identical conditions and the effect of the absence of the posterior communicating artery on regional cerebral blood
flow and pressure. One-dimensional blood flow model was used, taking into account wave propagation and reflections and
physiological data obtained from anatomically detailed arterial network (ADANS86) which has data from 86 arteries includ-
ing detailed cerebral network.

Results The mean arterial pressure was significantly higher in the non-pulsatile blood flow of CFLVADs compared to pulsa-
tile flow, for identical conditions, across all arteries. With increasing imparted pulsatility to CFLVAD flow, the mean arterial
pressure progressively decreased. Isolated absence of the posterior communicating artery had no effect on the flow as well
as pressure in the middle cerebral artery. However, when combined with the absence of flow in the ipsilateral carotid artery,
the flow as well as the pressure decreased very significantly in both continuous and pulsatile flow situations.

Conclusions Physiologically significant pulsatility in CFLVADs can have important clinical advantages in lowering of
blood pressure which can lead to lower incidence of strokes, pump thrombosis, gastrointestinal (GI) bleeds, and aortic
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incompetence. Patient-specific anatomical variations in the circle of Willis, especially the absence of the posterior commu-
nicating artery, can have important consequences in regional cerebral perfusion under some circumstances.
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Introduction

Continuous flow left ventricular assist devices (CFLVADSs) have
evolved over the last decade from being used as a bridge to trans-
plant to destination therapy [1, 2]. They are now widely regarded
as a viable therapeutic option in the management of end-stage
heart failure with recent results indicating that the 2-year sur-
vival rates following implantation of HeartMate III compare
very favourably with heart transplantation [3, 4]. Despite such
impressive advances, major concerns regarding adverse events
have impeded the growth and penetration of this technology to
patients with class III heart failure [5]. Of all the major compli-
cations reported with left ventricular assist devices (LVADs),
strokes are undoubtedly the most catastrophic and occur much
more commonly, as much as twenty times more frequently
according to some estimates, than in the general population [6].
While there is a relationship between strokes and LVAD therapy,
the actual pathology is in the brain, and we hypothesised that
modelling the blood flow in the brain in both pulsatile flow and
continuous flow situations might throw more light on the causa-
tive mechanisms for strokes during LVAD therapy.

Materials and methods

The blood supply to the brain is from the internal carotid
arteries which supply blood to the majority of cerebral hemi-
spheres, the so-called anterior circulation and from the verte-
bral arteries which supply the brainstem, cerebellum, occipital
lobes, and the basal ganglia, the so-called posterior circulation.
The circle of Willis is an anatomical structure that provides
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an anastomotic connection between the anterior and posterior
circulations and right and left side of the brain [7]. It is often
incomplete and has a number of anatomical variations, the
commonest being the absence of the posterior communicat-
ing artery [8, 9]. Hypertension is a well-known risk factor
for stroke, especially with CFLVADs [10, 11]. We therefore
decided to study the blood pressure in the arteries in the circle
of Willis with pulsatile and non-pulsatile flow and the effect
of the absence of posterior communicating artery on regional
cerebral blood flow and pressure.

The model used in this work is a one-dimensional blood
flow model [12—-17]. The numerical procedure used to solve
the equations are from literature [18]. One-dimensional models
take into account wave propagation and reflections and need
physiological data. These data are standard in the literature and
are classified as 55 arteries data, called anatomically detailed
arterial network (ADANS55) and 86 arteries data including a
detailed cerebral network known as ADANS6 [19, 20]. In this
work, ADANS86 has been used.

In the model, we have used area (A) and flow rate (Q) as the
main variables. The arterial wall is assumed to be viscoelastic
and the Kelvin-Voigt model [21] has been used. The equations
used are summarized below.

94 490 _
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Here a is the momentum correction coefficient, K is the

friction coefficient, P is the pressure, P, is the reference
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pressure, /3 is the stiffness parameter, E is the Young’s modu-
lus, 4 is the thickness of the vessel wall, and A, is the refer-
ence area. Poisson’s ratio v is taken to be 0.5 since biological
materials are assumed to be incompressible, and ¢ is the
coefficient of viscosity of the material.

The solution for the above equation is based on Roe type
energy balanced Godunov scheme as elaborated by [22]. All
simulations presented were run on a 12 core xenon central
processing unit (CPU). The data required to model the cer-
ebral network are from published studies [23].

Results

Normal pulsatile flow and LVAD flow with varying
degrees of pulsatility

Normal pulsatile flow was modelled at 5 Ipm for a heart rate
of 75 beats per minute. The reflection coefficients are from
literature [21]. The results presented are for the tenth cycle.
The LVAD flow was also modelled at 5 L/min, with no pul-
satility and later varying degrees of pulsatility were added.
The pressure results for major arteries of the circle of Willis
(Fig. 1) are presented in Table 1. Mean arterial pressure
(MAP) was calculated as one-third systolic pressure added

Fig.1 Normal circle of Willis

INTERNAL CAROTID

ANTERIOR CEREBRAL

to two-thirds diastolic pressure compared against a constant
pressure for LVAD. As can be seen from the table, LVAD
pressures are significantly higher than the MAP for pulsatile
flow, for identical conditions, even though the peak systolic
pressure is higher in pulsatile flow. This is consistent over
all arteries (Fig. 2).

In order to understand the effect of pulsatile flow, pulsatil-
ity was introduced in a constant LVAD flow. The total flow
was maintained at 5 L/min, and this was split into a constant
flow of 3 Ipm and a pulsatile flow of 2 Ipm. The pulse was
run at three rates, namely, 60, 100, and 200 beats per minute.

The procedure to introduce pulse was as follows: A con-
stant flow of 3 Ipm was introduced until a steady state condi-
tion was reached, which took about 10 s. Then the flow was

Table 1 Mean pressure (mmHg) in normal pulsatile flow and LVAD
flow

No Artery Pulsatile flow LVAD flow

1 Right vertebral artery 83.64 90.46

2 Left common carotid artery 86.66 93.76

3 Posterior communicating artery ~ 79.33 85.91

4 Anterior cerebral artery 81 88.03

5 Left middle cerebral artery 82.42 89.57
ANTERIOR COMMUNICATING

<+— POSTERIOR COMMUNICATING

POSTERIOR CEREBRAL
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Fig.2 LVAD pressures for
identical conditions

PRESSURE IN ALL THE CIRCULATIONS INCREASES SIGNIFICANTLY

FOR THE SAME FLOW WHEN THERE IS NO PULSE

e (mmHg)

5 L/min Pulsatile

Pressure in Ascending Aorta

modified to include pulse and the simulation continued for
another 10 s. The results are shown in Fig. 3 and are at the
end of 10 s.

The same cycle is repeated for constant flow of 4 Ipm and
pulsatile flow of 1 Ipm. The above figures clearly bring out
the effect of pulse. The MAP drops with increasing pulsa-
tility. The drop is larger when the constant part of the flow
decreases. Also, there is a marginal increase in MAP, when
the rate increases, even though the peak pressure drops.

Flow simulation with anatomic variation in the circle
of Willis

The circle of Willis is often incomplete, and the common-
est variant is the absence of the posterior communicating
artery [8, 9].

It has been shown that the position of the outflow graft
in CFLVADs may influence the flow into the innominate
artery and under certain conditions the flow may be very
low [24]. In this study, we investigated the effect of lack of
flow in the right common carotid artery when the posterior
communicating artery is present or absent.

The flow in the right middle cerebral arteries was meas-
ured for the following conditions.

(i) Absence of flow in the right posterior communicating
artery (PCA)

@ Springer
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(i) Absence of flow in the right common carotid artery
(RCCA)
(iii) Absence of flow in both PCA and RCCA.

These results are presented in Fig. 4 for the right middle
cerebral artery in a pulsatile flow. The above results clearly
show that when PCA is absent, there is no change in flow
as well as pressure in the middle cerebral artery. On the
other hand, when the right carotid is not perfused, the flow
as well as the pressure drops. This is further accentuated by
the absence of PCA. The flow and pressure in the left side of
the brain are not affected. The trends for CFLVAD flow are
similar to those of the pulsatile flow (Fig. 5). Impedance in
the ascending aorta with respect to frequency was calculated
along with the phase (Fig. 6).

Discussion

The growth of ventricular assist devices over the last two
decades has been achieved to a large extent because of a shift
to continuous flow pumps. This has allowed the pumps to be
smaller, making less invasive implantation possible and with
better long-term survival [5]. However, there have been con-
sequences of non-pulsatile flow, namely, a higher incidence
of gastrointestinal bleeds, more systemic hypertension,
and higher incidence of aortic incompetence as compared
to pulsatile pumps [25]. Hypertension has been associated
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Fig. 3 Results of the flow that was modified to include pulse and the simulation
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Fig.4 Results for the right middle cerebral artery in a pulsatile flow

with a higher incidence of strokes both haemorrhagic and
ischaemic, and aortic incompetence has been shown to affect
long-term survival and cerebral perfusion [11]. The reason
for hypertension in CFLVADs has been a subject of intense
debate and several factors including marked sympathetic
activation due to baroreceptor unloading [26] and increased
arterial stiffness [27] have been implicated.

We hypothesised that modelling blood flow in the circle
of Willis in both normal pulsatile flow and CFLVAD might
shed some light on the causation of strokes.

The first interesting finding of the study was the fact
that the physics of non-pulsatile blood flow was respon-
sible for up to 10 mmHg increase in mean blood pressure
across the arterial tree including all the cerebral vessels
quite independent of any vasomotor and endocrine causes.
Progressive increase of pulsatility to CFLVAD flow led
to progressive lowering of blood pressure. The reason for
lowering of the mean pressure due to pulsatility is com-
plex. The magnitude and phase of the impedance, shown
in Fig. 6, seem to play a role. A complex interaction of the
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Fig.5 Trends for CFLVAD flow
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Fig.6 Impedance in the ascending aorta with respect to frequency

forward and backward moving waves may be the reason
for this phenomenon.

The second interesting finding was that the absence
of PCA, while in itself, of no consequence, can have a
profound impact on cerebral blood flow and pressure in
the presence of ipsilateral hypoperfusion of the internal
carotid artery. This finding assumes great significance in
light of the fact that hypoperfusion of the innominate has
been postulated to happen during LVAD implant depend-
ing on the arch anatomy, outflow graft angle, and size
[24] and during aortic cannulation for cardiopulmonary
bypass [28]. This fact has been highlighted in neurologi-
cal literature as well [29]. Strokes are multifactorial and
elimination of this dreaded complication needs atten-
tion to multiple factors including inflow cannula design,
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pump design, and anticoagulation management. What this
study has shown is the benefits of imparting pulsatility in
lowering blood pressure and the role of patient-specific
anatomical factors which might contribute to the risk of
stroke. Pump designs with flatter HQ (pump head flow)
curves and greater physiologic pulsatility have demon-
strated lower incidence of aortic incompetence and gas-
trointestinal (GI) bleeds [30-32].

Limitations of the study

By the very nature of a mathematical simulation study,
clinical confirmation of our conclusion regarding pulsatil-
ity and blood pressure is not feasible. It is well known, of
course, that pulsatile pumps do not have hypertension as a



Indian Journal of Thoracic and Cardiovascular Surgery

significant side effect. We have no clinical data correlat-
ing anatomical variation in the cerebral circulation with
strokes in our LVAD patients though the association between
absence of PCA and strokes in the presence of ipsilateral
carotid blocks is well documented in neurological literature.

Conclusion

Physiologically significant pulsatility can have important
clinical advantages in lowering of blood pressure which can
lead to lower incidence of strokes, pump thrombosis, GI
bleeds, and aortic incompetence. If this can be achieved by
pump design with more favourable HQ curves or software
algorithm, then it is possible to have the best of both worlds,
all the advantages of a continuous flow pump while retaining
the benefits of a pulsatile flow.
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