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Models form the foundation on which our language, understanding and quantification of
haemodynamics and vascular physiology are built. One of the most well-known models of
arterial haemodynamics is the two-element windkessel, which defines our concepts of
vascular resistance and compliance, and provides an intuitive explanation of the diastolic
pressure decay [1]. An extension to this model, the three-element windkessel, also includes
characteristic impedance and has highlighted the important haemodynamic role of aortic
size and stiffness on systolic haemodynamics [2]. Similarly, wave propagation models
undergird concepts such as pulse wave velocity and wave reflection [3]. Although
theoretical debates about models may sometimes appear purely academic, these model-
based concepts and associated metrics are integral to recent and ongoing clinical studies

relating to hypertension, vascular aging and other cardiovascular disease [4-9].

The robustness and explanatory power of the model(s) we adopt are therefore of
utmost importance, and scrutiny should be applied before a new model is accepted.
Questions should be asked of a new model. Is it internally consistent? Is it based on a solid
foundation of physics and mathematics? Does it have superior explanatory power than
previous models? Can its validity be checked against a gold standard in vivo? If it is a
simplified model, can its validity also be checked against a more comprehensive model?
Does the model lead to an improved understanding of cardiovascular function, and so

provide added value to existing conceptual frameworks?

Questions such as these have been debated recently in relation to the reservoir-
wave model, originally proposed by Wang et al in 2003 [10], that combines concepts from
windkessel and wave propagation models. The key idea in the reservoir-wave model is to

separate blood pressure into two components, a wave-independent ‘reservoir pressure’



(Pres) caused by the filling and emptying of arteries over the cardiac cycle, and an ‘excess
pressure’ (Pe) related to the propagation and reflection of pressure/flow waves. Two major
practical implications of adopting this model are as follows. First, the amplitude of the
reservoir pressure would be used to quantify the buffering capacity of the arterial system.
Second, wave reflection would be quantified on the basis of P, rather than raw measured

pressure. Before adopting this model, however, its key assumptions should be scrutinized.

A major assumption in the reservoir-wave model is that P, closely tracks the
volume of the arterial reservoir, with any change in arterial volume causing a proportional
change in P.s. In this issue Segers et al [11] evaluated this core assumption using a three-
dimensional computational model of the aorta, incorporating a fluid-structure interaction
technique that realistically accounts for blood flow dynamics as well as the spatial and
temporal motion of the aortic wall during the cardiac cycle. Four conditions were tested:
normal, mild residual coarctation, stented coarctation and severe re-coarctation. The non-
linear pressure-volume relation of the virtual aorta in the absence of flow and waves was
established using static loading over the range 75 to 225 mmHg, and then compared with
the dynamic relation between P..s and aortic volume (V) during a simulated heart beat
(Figure 6 of [11]). In all cases, a marked hysteresis in the P.-Vao relation was apparent,
which appears to invalidate the assumption that P.s bears a simple relationship to V.
Interestingly, the clockwise trajectory of the Pes-Vao loOp implied that work is being done on
the fluid by the aorta, which is clearly an implausible characteristic of P..s, but is consistent
with data in dogs showing that aortic volume (estimated as the difference between proximal

inflow and distal outflow volumes derived from flow probes) leads P, in early systole [10].



The findings of Segers et al [11] extend previous work highlighting problems with
Pres. For instance, it has been shown that the ‘wave-independent’ P, propagates along the
aorta and fulfils the universally held definition of a wave as a propagating disturbance [12].
Moreover, the calculated resistance and compliance values used to derive P..s do not
represent true arterial resistance and compliance, but exhibit errors of up to 50% that are
directly dependent on wave effects [13]. While evidence to support the assertion that P, is
“fundamentally different” to a wave [14] is lacking, various lines of evidence indicate that
Pres is profoundly influenced by, and even determined by, waves. Thus, it was recently
shown that the reservoir behaviour of the arterial system can be explained solely in terms of
waves, and that the windkessel is simply an approximation of more complex wave
phenomena [15]. This wave-based interpretation represents the filling and emptying of the
arterial reservoir in terms of ‘wave potential’, which is fully compatible with conventional
wave separation. This new approach not only addresses the perceived problems with wave
separation that the reservoir-wave model was designed to solve, but also avoids a number
of pitfalls inherent in the classical windkessel (and reservoir-wave) model, such as the
assumption of an infinite wave speed and difficulties in estimating windkessel parameters.
Furthermore, the magnitude of P, is almost identical to twice the conventional backward
component of pressure [16, 17], suggesting that P, adds no new quantitative information

to currently available indices.

The data presented by Segers et al “implies that the use of excess pressure (rather
than total pressure) for the analysis of wave dynamics is intrinsically flawed and doomed to
lead to erroneous interpretations of wave dynamics” [11]. A similar conclusion was
previously reached by Mynard et al [12, 13, 18], who compared traditional and reservoir-

wave approaches to wave analysis using data from one-dimensional blood flow simulations



in which known reflection sites were prescribed a priori. A number of problems were
identified with the P.-based wave analysis, including physically impossible dependencies of
early systolic waves on distal reflection sites. However, the most obvious problem was that
backward compression waves, arising from sites where characteristic impedance increases,
were underestimated or entirely missed by the Pe-based analysis, whereas the traditional
approach accurately quantified the wave reflection. Proponents of the reservoir-wave
model have questioned these results by claiming that the numerical simulations were not
representative of arterial haemodynamics [14], however this argument lacked substance
[18]. It was also argued that the concept of “validity” is difficult to apply in experimental

research, since this implies the availability of a gold standard [19].

The need for an in vivo gold standard is also raised by the manuscript of Borlotti et al
[20] in this issue, which compared conventional and P-based versions of wave intensity
analysis in dogs at baseline and after occlusion of the aorta at different locations. Their
results are very similar to those found previously in sheep [12] and in the aforementioned
one-dimensional simulation models [12, 13, 18], in that backward compression waves were
markedly smaller with the reservoir-wave approach. With occlusion of the descending
thoracic aorta, the reflection index (R/, defined as the ratio of the peak intensities of forward
and backward waves) calculated with the reservoir-wave approach was substantially lower
than that calculated with the conventional approach (0.07 £ 0.04 versus 0.25 + 0.15, P <

0.001, Table 2 in [20]).

The finding that the backward wave was only one quarter (or less) the size of the
forward wave in the presence of a large, relatively proximal reflection site due to occlusion

may at first appear surprising. However, Borlotti et al [20] astutely pointed out that not all



of the energy of the reflected wave is expected to return to the ascending aorta, because
the junction of the ascending aorta with its daughter branches is well-matched in the
forward but not backward direction. Based on the measured characteristic impedances of
the vessels forming this junction, as reported by Cox and Pace [21], Borlotti et al calculated
that the reflection coefficient at the aortic arch junction is 0.02 for a wave travelling
forwards into the descending aorta, but -0.48 for a wave travelling backwards into the
ascending aorta. While these coefficients in fact relate to pressure, not wave intensity, this
nevertheless implies that not all of the reflected wave energy from the occlusion site
propagates back into the aorta; some of it is re-reflected and some is transmitted into the
supra-aortic vessels. Borlotti et al state that “this may be the reason for the observation of
small backward waves at the aortic root, even during the occlusion, using the reservoir-

wave model”, and conclude that “in the absence of other independent techniques or

evidence, it is not currently possible to decide which [reflection index] is more correct” [20].

In this instance, however, a gold-standard reflection index is available. While Borlotti
et al calculated pressure reflection coefficients, the same underlying theory may be used to
calculate wave intensity reflection and transmission coefficients (see Table 3.1 in [22]). As
shown in the appendix, by employing only the characteristic impedance data reported by
Cox and Pace [21], and applying a simple wave tracking procedure, a gold-standard
reflection index of 0.28 can be computed, although if second generation re-reflections are
accounted for a value of 0.22 may be obtained (see appendix). These values are remarkably
close to the average measured value of 0.25 given in Table 2 of Borlotti et al for
conventional wave analysis and contrasts starkly with the reservoir-based value of 0.07 [20].

This therefore constitutes strong evidence from an independent technique using the same



in vivo data from Borlotti et al that confirms the accuracy of conventional wave analysis and

the inaccuracy of the reservoir-wave model.

It is a well-known phenomenon in science that new models are initially resisted,
perhaps out of a desire to preserve the status quo. On the other hand, new models should
not be accepted simply because they are new. Rather, a new model should be properly
scrutinized from all angles before being adopted. In the case of the reservoir-wave model,
numerous problems have been identified on the basis of theoretical considerations and
numerical validation studies [11-13, 18]. A more complete model that is not susceptible to
these problems has recently been described, and addresses the perceived issues that the
reservoir-wave model was designed to overcome [15]. In addition, comparison of in vivo
data with a gold standard reference method has invalidated a key assertion of the reservoir-
wave model, i.e. that reservoir-based wave analysis is more accurate than conventional
analysis. Combining all of these considerations, we suggest that the tide of the reservoir-

wave model may be ebbing.

Appendix

The experimental setup described by Borlotti et al [20] is illustrated in Figure 1, including the
occluded descending thoracic aorta (DTA). At the onset of ventricular ejection, a forward-
running compression wave (FCW, red arrows in Figure 1) propagates up the ascending aorta
(AAo) and is transmitted into the DTA, brachiocephalic trunk (BCT) and subclavian artery
(SC). General expressions for reflection and transmission coefficients for pressure, velocity
and wave intensity have been derived in [22]. In this instance, the transmission coefficient

for the pressure wave (p) passing from the AAo into the DTA is



AAo—DTA — 2YAAD (1)
g YAAo + YDTA + YBCT + YSC

where Y refers to the characteristic admittance of the respective vessels (the inverse of
characteristic impedance). The transmission coefficient for a velocity wave (u) passing from

the AAo into the DTA is

TAAU—)DTA — 2YDTA (AAAO J (2)

u
YAAD + YDTA + YBCT + YSC ADTA

where Aaao and Apra are the respective cross-sectional areas of these vessels. Wave intensity
is defined as wi = dpdu and hence the AAo to DTA wave intensity transmission coefficient

can be found by multiplying the pressure and velocity coefficients as follows,

ay y A
TWA,,AO_)DTA — TUAAO—)DTATPAAO—>DTA — AAo DTA . [AAAO } (3)
(YAAO Y Y+ Ysc) oTA

Similarly, it can be shown that the wave intensity transmission coefficient for a backward

wave passing from the DTA to AAo is

TDTA—A0 _ 4YAA0YDTA [ADTA ] (4)
wi 2 A
(YAAo + YDTA + YBCT + Ysc ) Ado

If there is a discrete reflection site in the DTA characterised by a reflection coefficient Rpra,
then the expected reflection index (defined by Borlotti et al [20] as the ratio of backward to
forward peak wave intensities) in the AAo can be predicted using a wave tracking principle,

as follows,

_di 16Y2 Y2

AAo—DTA DTA—AA
BCW _T 0—> R T —AA0 _ AAo_DTA (5)

- - 4
Y, Y+ +YSC)

Ado wi DTA" wi 7
( DTA ' 'BCT

FCcwW



Referring to Figure 1, this envisages the AAo forward compression wave being transmitted
into the DTA (T*°"™), wave reflection occurring at the occlusion site (Rpra) giving rise to a
backward compression wave (BCW, blue arrows in Figure 1) that is then transmitted back
into the AAo (T."7**). Obtaining characteristic admittances from Cox and Pace [21], as in

Borlotti et al [20], and assuming that the DTA occlusion was complete (i.e. Rpra = 1), the

predicted AAo reflection index is 0.28.

We can also account for re-reflections using the same wave tracking algorithm. The BCW in
the DTA is not only transmitted into the AAo, but is also partially reflected back towards the
occlusion site (green arrow in Figure 1). Since the reflection coefficient is negative in this
direction, the resultant wave is a forward expansion wave. This wave is again reflected
completely at the occlusion site, producing a backward expansion wave that is transmitted
into the AAo (purple arrows) and would tend to subtract from the BCW (blue arrows) if
these two waves overlapped in time. Extending the calculations to include this second
generation reflection leads to a reflection index of 0.22. Further generations of wave

reflection have little effect on the predicted reflection index.
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Figure 1 — Illustration of waves in the canine aortic arch upon occlusion of the descending
thoracic aorta (DTA) as performed in the paper by Borlotti et al [20]. The initial forward
compression wave (FCW) is transmitted from the ascending aorta (AAo) into the
brachiocephalic trunk (BCT), subclavian artery (SC) and DTA, as shown with red arrows. This
wave is reflected completely at the occlusion site, with the resulting backward compression
wave (BCW) being partially transmitted back into the AAo, BCT and SC (blue arrows).
However, the BCW is also partially reflected at the junction, giving rise to a second

generation of reflected waves (green and purple arrows).




