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Abstract The parameters of wave intensity analysis are
calculated from incremental changes in pressure and
velocity. While it is clear that forward- and backward-
traveling waves induce incremental changes in pressure, not
all incremental changes in pressure are due to waves;
changes in pressure may also be due to changes in the
volume of a compliant structure. When the left ventricular
ejects blood rapidly into the aorta, aortic pressure increases,
in part, because of the increase in aortic volume: aortic
inflow is momentarily greater than aortic outflow. There-
fore, to properly quantify the effects of forward or backward
waves on arterial pressure and velocity (flow), the compo-
nent of the incremental change in arterial pressure that is
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due only to this increase in arterial volume—and not, fun-
damentally, due to waves—first must be excluded. This
component is the pressure generated by the filling and
emptying of the reservoir, Otto Frank’s Windkessel.
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1 Introduction

Wave intensity analysis (WIA), which is computed from
incremental temporal changes in pressure (P) and in
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velocity (U), has proven to be a very useful tool in
hemodynamics because of its ability to identify the timing
and direction of wave motion (forward- or backward-
traveling, respectively in or against the direction of net
blood flow) and whether a wave increases or decreases
pressure as it passes [i.e., whether it is a compression or a
decompression wave (formerly called an expansion
wave)]. After years of using WIA to study a variety of
physiological problems, we ultimately concluded that
reservoir pressure should be subtracted from measured
aortic pressure before wave separation by WIA is per-
formed because not all the change in aortic pressure can
be properly attributed to forward or backward wave
motion. In part, aortic pressure also changes because of
changes in aortic volume and this non-wave-related
pressure should be discounted before WIA proceeds.

As described in detail in the preceding paper by Parker
[14], WIA began with the calculation of net wave intensity
(initially symbolized by APAU) to characterize left ven-
tricular (L'V) ejection [16]. At the beginning of ejection
when aortic pressure and blood velocity are increasing,
WIA identifies a one-dimensional compression wave
that accounts for the acceleration of the stroke volume
in the face of an increasing pressure. Shortly after this
compression wave, WIA identifies a decompression wave

Fig. 1 The aortic Windkessel/ ‘
reservoir is a hydraulic- 100 - ‘
integrator. In the fop panel are

typical aortic root pressure
(Pgaorta), left ventricular pressure
(PLv), calculated reservoir
pressure (Preservoir» 7ed line) and
the asymptotic pressure (P,
black dashed line). In the lower
panel are wave-related pressure
(Pywave,> pink line) calculated by
subtracting the reservoir
pressure from the aortic
pressure and aortic flow (O,
black line) plotted against time

P (mmHg)

that develops slowly but accounts for the deceleration of
the volume being ejected. Aortic flow decreases, stops and
momentarily reverses due to this “braking action” of the
relaxing LV [25]. The sign convention of net wave inten-
sity (i.e., positive) indicates that both these waves are
dominantly forward-traveling.

When studying more complicated physiological phe-
nomena [20], it often became apparent that substantial
forward- and backward-traveling waves were occurring
simultaneously, making net wave intensity ambiguous;
thus, it was desirable to separate net intensity into the
individual contributions of the forward- and backward-
traveling waves. This separation requires knowledge of
the wave speed, which can be estimated with adequate
accuracy by determining the slope of the relation
between pressure and the product of density and velocity
[9, 15], as well as by the foot-to-foot method by which
the transit time for a wave to traverse a known distance
is measured [2].

The parameters of WIA are calculated from incre-
mental temporal changes in pressure and velocity at a
specific cross-section of a vessel or chamber. While the
passage of forward or backward waves clearly induces
incremental changes in pressure, not all incremental
changes in pressure are due to the passage of such

reservoir

with the scales adjusted so that
their peak values coincide. Note
that they are almost identical in
contour. The reservoir is
charged when inflow is greater
than outflow and vice versa.
Two vertical dashed lines mark
the instants when the inflow
equals the outflow (Qoy, blue
line), when P eervoir NEither
increases nor decreases.
(Modified from Wang et al. [23]
with permission of the
American Physiological
Society) (Color figure online)
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waves—changes in pressure may also be due to the
elastance/compliance of a structure. For example, during
isovolumic contraction and relaxation, ventricular pres-
sure changes because the elastance of the ventricle
respectively increases or decreases, while volume nomi-
nally remains constant. During these intervals, pressure
changes because of the changes of elastance and waves in
the ventricle appear to be absent. In a contrasting exam-
ple, when the LV ejects blood into the elastic (compliant)
aorta, arterial pressure increases, in part, because aortic
volume increases: aortic inflow temporarily exceeds aortic
outflow [23]. Thus, when volume remains constant and
elastance changes, pressure changes; when volume chan-
ges and elastance remains constant, pressure also changes.
Therefore, to properly quantify the effects of forward- or
backward-traveling waves on arterial pressure and veloc-
ity (flow), the component of the incremental change in
arterial pressure that is due only to this increase in arterial
“reservoir” volume and not, fundamentally, due to waves,
should first be excluded. This component is the pressure
associated with the reservoir—Frank’s Windkessel [8,
19]. This is the rationale of separation of arterial pressure
into the sum of a reservoir pressure (Preservoir) and a
wave-related pressure (Pyaye). (In previous publications,
these pressures were respectively called Windkessel
pressure, after Frank [8, 19], and excess pressure, after
Lighthill [10]).

2 The arterial reservoir

Because we were studying LV ejection into the aorta, we
first applied the reservoir—wave principle to the aorta. To
determine P egervoir, it Was observed that its rate of change
(dPreservoir/d?) must be proportional to its rate of change of
volume, through the proportionality constant, dP/dV, which
is the reciprocal of compliance (C). Since the rate of
change of volume is the instantaneous difference between
inflow (Q;,) and outflow (Quy),

dp, reservoir

1
dr :EX(Qin_Qout) (1)
where the outflow was assumed to be driven by the
gradient between Peeervoir and the arterial asymptotic

pressure (P.,),

Qout _ Preservoir - Poo (2)

Rreservoir
Equation 1 becomes an ordinary equation by substituting
Qout using Eq. 2,

dPreservoir _ Qin Preservoir - Poo

dt C RC (3)
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There is an analytical solution for Eq. 3,
Pl'eservoir(t - t()) =P, + (P() — Poo)eR;é
_ ! in [/ J
+eﬁ/ Lueﬁdt/ (4)
W C

In anesthetized dogs, Wang et al. [23] measured aortic
pressure (P,oa) and flow (Q;,) close to the aortic valve.
Using the integral form of Eq. I, they then iteratively
solved for C’ Rreservoir and Poc’ where Rreservoir is (m_
P )/cardiac output and P, is the pressure toward which
P,ora declines after infinite time.

In Eq. 4, ty and Py were the time and pressure of the first
point, respectively. Q;,(¢) was the measured flow. With the
knowledge of R, C and P, Eq. 4 (Preservoir With respect to
time) can be determined. P egervoir Varies in magnitude, T,
etc., through changes of R, C and P,. Using a Matlab
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Fig. 2 The venous (IVC inferior vena cava) Windkessel/reservoir is
also a hydraulic integrator. The fop panel shows measured Pry (blue)
and Ppyc (black) and calculated reservoir pressure (Preservoirs Fed) and
asymptotic pressure (P, black dashed line). The bottom panel shows
measured Qrvce and calculated inflow (Q;,). Calculated wave-related
pressure (Pyaye) is proportional to Qpyc. The vertical black dashed lines
indicate the instants at which Q;, = Qrvc, wWhen Pregervoir Neither
increases nor decreases. (The long cardiac cycle was induced by an
injection of acetylcholine). (Modified from Wang et al. [22] with
permission of the American Physiological Society) (Color figure
online)
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search algorithm, the parameters were determined by
minimizing the squared errors between the calculated
Preservoir and measured P, during late diastole, during
which time we assumed that the change in pressure was
due to the discharging of aortic volume. The calculated
values of the parameters generally converged satisfactorily
if the R—R interval was greater than 0.7 s. In our study,
intermittent long beats (R—R interval, 1.5-2s) were
induced using vagal stimulation or a bolus of acetylcholine
in the RA. Parameters were determined using the last
long diastole and the same values were used to calculate
Preservoir for the immediately preceding steady-state beats.

Figure 1 illustrates the results of this analysis and the
hydraulic-integrator behavior of the Windkessel/reservoir.
There are two instants (see the two vertical dashed lines)
during the cardiac cycle when Q;, = Q. just after the
beginning of ejection, when Q;, has increased enough to
equal Q.. and near the end of ejection, when Q;, has
decreased enough to again equal Q.. As dictated by Eq. 1,
at those two instants dP ceervoi/df = 0 so the Preservoir
waveform is momentarily flat. During ejection and between
the vertical lines, Q;, is greater than Qg and Preservoir
increases. During the remainder of the cycle, Q;, is less

Fig. 3 Systemic resistances
related to arterial and venous
reservoirs. Upper and lower
black curves indicate
simultaneously measured
arterial and IVC pressures and

100 4

than Quy and Preservoir decreases. In the anesthetized dog,
Py ave 18 almost perfectly proportional to Q;,, indicating that
the nearly identical, superimposed Py... and Q;, wave-
forms result only from the forward-traveling compression
and decompression waves generated by the LV (see lower
panel of Fig. 1). (Wave reflection during systole might be
more important in aged human subjects). The ratio of Pyaye
to Q;, is interpreted as the resistance of the proximal aorta
(see Sect. 8, below).

3 The venous reservoir

The arterial reservoir, which buffers the intermittent filling
due to the ejection of the LV and thus modulates arterial
pressure and reservoir outflow, is not the only hydraulic
integrator in the cardiovascular system. A venous reservoir
buffers the intermittent emptying of the veins due to the
filling of the RV, modulating venous pressure and reservoir
inflow. To define the venous reservoir (Windkessel), Wang
inverted the logic he had used to solve the parameters of
the arterial reservoir [22]. Figure 2 demonstrates the inte-
grating behavior of the venous reservoir, inflow being

P SVR

upper and lower red curves,

their calculated reservoir

pressures. The mean values of

aortic {PAO), arterial reservoir 80 1
(Pa—Res), IVC reservoir
pressure (Pv,Res) and IVC
pressure (Prvc) are indicated by
labeled horizontal dashed lines;
also, arterial asymptotic
pressure (Pa_o) and IVC
asymptotic pressure (Py_).
The total arterial-venous
pressure gradient was separated
into arterial (red hatching,
related to the large arteries and
the arterial reservoir),
microcirculatory (purple cross-
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equal to outflow (i.e., QOrvc) near the beginning and near
the end of the brief interval of rapid RV diastolic filling.
During the remainder of diastole, inflow from the micro-
circulation continues at a decreasing rate as Preservoir
increases, approaching (venous) P..,. Once again, Py, 1S
almost perfectly proportional to Qpyc, indicating that the
nearly identical Py, and Qpyc waveforms are, for the
most part, the result of the backward-traveling waves
generated by the RV. Also once again, the ratio of Py, to
Orvc is interpreted as the resistance of the large veins (i.e.,
inferior vena cava) between the right atrium and the venous
reservoir. (Wang et al. also calculated reservoir parameters
for the superior vena cava [22]).

4 Implications of Windkessel/reservoir analysis
on systemic vascular resistance

The presence of an arterial and a venous reservoir with their
associated reservoir and large-artery/large-vein resistances
invited a reconsideration of systemic vascular resistance as
a network of individual resistances arranged in series [22]
(see Fig. 3). The resistances associated with the arterial and
venous reservoirs were calculated as described above and
the resistance of the microcirculation was calculated by
difference (it can also be calculated as the difference
between arterial and venous values of P, divided by car-
diac output). When these values were compared to the
results of the micro-puncture experiments of Davis et al.
[6], there was good agreement (see Fig. 7 in Wang et al.
[22]). The comparison suggests symmetry between the
arterial and venous reservoirs in that both reservoirs seem to
extend to micro-vessels as small as ~60 um in diameter.
Recently, we studied the effects of vasodilatation (sodium
nitroprusside, NP) and vasoconstriction (methoxamine,
Mitx) on this system and found that ~50% of the LV stroke
work is normally dissipated by the arterial reservoir resis-
tance (NP, ~36%; Mtx, ~27%) and ~20% normally by
the large-artery resistance (NP, ~37%; Mtx, ~6%) [24].

Figure 3 defines the relation of the series resistances but
the relation of the compliances has not been defined. Cal-
culation of the arterial reservoir outflow and the venous
reservoir inflow yields different waveforms, which implies
that the microcirculation must also be characterized with a
parallel capacitance. What are the relative magnitudes of
the arterial, venous and microcirculatory capacitances?
Figure 4 shows an analogous electrical circuit diagram that
illustrates the series resistance arrangement with capacitors
spanning the arterial reservoir resistance, the microcircu-
latory resistance and the venous reservoir resistance.

As shown in Fig. 5, the differences in the inflow and
outflow (vertical left-hand panels) of the arterial, the micro-
circulatory and the venous sections of the circulation are
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Fig. 4 An analogous electrical circuit diagram of the systemic
circulation showing arterial (red), microcirculatory (purple) and
venous (blue) elements (Color figure online)

equal to the net flows in to (positive values) and out of
(negative values) the respective capacitors (vertical middle
panels). Further, integration of these flow waveforms yields
the change in volume of the respective capacitors during a
cardiac cycle (right-hand panel). In this typical example,
the change in volume of the arterial reservoir (i.e., capac-
itor) is equal to 16.7 mL or 85% of the stroke volume (i.e.,
19.6 mL). The change in volume of the venous reservoir is
6.0 mL or 35% of that of the arterial reservoir (i.e., 30% of
the stroke volume) and the change in volume of the mi-
crocirculatory reservoir is 1.5 mL or 10% of that of the
arterial reservoir (i.e., 8% of the stroke volume). Thus,
while measurable, the change in volume of the micro-
circulatory element of the systemic circulation is small
compared to the arterial element, which must be large to
accommodate the large difference between inflow and
outflow during LV ejection.

5 Extension of Windkessel/reservoir analysis
to left ventricular filling

Flewitt et al. [7] applied these principles to account for the
reservoir effect in their study of the dynamics of LV filling.
When they compared their results to those previously
reported [24], they found that the energy of the backward
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Fig. 5 A comparison of the arterial (red), microcirculatory (purple)
and venous (blue) capacitive elements in the systemic circulation (see
Fig. 4). The vertical left-hand panels show the respective inflows
(solid lines) and outflows (dashed lines) of each of these elements.
Note that the inflow of the microcirculatory element is equal to the
outflow of the arterial element and that the outflow of the
microcirculatory element is equal to the inflow of the venous

decompression wave responsible for diastolic suction was
2.6-fold greater than previously reported. The numerical
correction may be of only limited interest but the extension
of the principle—reservoir-related pressure changes should
be discounted before analyzing wave motion—is very
important.

6 Aortic wave propagation and reflection

Although it is seemingly more straightforward to calculate
the parameters of the aortic reservoir at the ascending
aorta, where diastolic inflow is 0, Wang’s approach [23]
can theoretically be applied at any point in the aorta where
pressure and flow (velocity) are determined. Our pre-
liminary results suggest a profoundly different picture of
how the aortic pressure waveform at different locations in
the aorta is constituted.

@ Springer
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element. The vertical middle panels show the respective flows in to
and out of the capacitors. The right-hand panel shows a comparison
of the volume changes accommodated by the arterial, microcircula-
tory and venous capacitors (reservoirs). (Note that arterial inflow and
outflow (upper panels) are shown on a less-sensitive scale). Data from
a typical example (Color figure online)

Figure 6 is based on simultaneous measurements of
pressure and flow at the aortic root and Fig. 7, 20-cm distal,
in the descending thoracic aorta of an anesthetized dog. In
Fig. 6, note that there are no significant backward-traveling
waves at the aortic valve. However, the measured, dome-
shaped, aortic pressure is shown to be the sum of a triangular
pressure waveform due to the forward-traveling waves and
the reservoir pressure. The triangular flow waveform has
generally been attributed to the arrival of a backward-trav-
eling (compression) wave but the present analysis suggests
that the triangular (forward) pressure and flow waveforms
are simply due to the temporal pattern of LV contraction and
relaxation [16]. Contraction begins and ends very quickly,
generating a tall, narrow, spike-shaped d/yw . pattern and a
rapid upstroke in (forward) pressure and flow. Relaxation
begins very early during ejection but develops more
gradually and does not generate a substantial forward
decompression wave until just before the end of systole.
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Fig. 6 Reservoir—wave analysis
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As WIA highlights, LV “relaxation” is a complicated
process. At the beginning of ejection, the LV generates a
FCW that accelerates the LV stroke volume to a peak
velocity, while the opposing aortic pressure continues to
increase. After that period of acceleration, in principle, the
LV might have continued shortening at a rate just sufficient
to maintain the peak velocity, unchanged, during which
interval waves would have been absent [17]. However, the
flow waveform in the ascending aorta is characteristically
triangular such that acceleration is followed immediately
by deceleration. (The timing of the beginning of this
deceleration is consistent with the fall in the Ca®" transient
[3]). This deceleration develops slowly and then more

4.8 5.0 5.2 5.4 5.6

t(s)

rapidly, as indicated by the slowly increasing intensity of
the forward decompression wave. Investigators of an ear-
lier generation might have seen in the time course of this
decompression wave a description of the decline of the
“active state” [9].

In Fig. 7, the measured pressure and flow waveforms
recorded from the descending thoracic aorta are quite dif-
ferent and irregular. Our analysis confirms the generally
assumed presence of a reflected, late-systolic compression
wave. However, the contours of the respective measured
pressure and flow waveforms seem to be largely defined by
the effects of an earlier reflected decompression wave.
(This may be the result of the branching pattern below the
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Fig. 7 Reservoir-wave analysis
of data recorded from the
descending aorta, 20 cm from
the aortic root, in a dog. See
Fig. 6 for a description of the
panels. Note that the systolic
plateau in pressure is largely
due to an early systolic
backward-traveling
decompression wave

r 50

r 40

- 30

- 20

- 10

Pwave+l— (m mH g)

-10

90 ]
S 80 /
T
E 70
3
o 60
50
100 - '
/N
—~ 60 -
2
E 401
o
20 |
0 -
90
~ w0 a
(<)
E
70
E '
& 60 ,/
50 N
100 — '
80 &
— 60 Qwave+ QAo-Qreservoir
2
€ 40
G 2 /
o -
20
8000
P 6000 — dl,,
E
= 4000
E
= 2000
) LA\
0 .
N
T T dlw. T T T T 1
44 46 48 5.0 5.2 54 56

diaphragm where, over the length of a few centimeters, the
descending aorta gives off several large branches; the sum
of the effective cross-sections of the daughter vessels may
be greater than that of the mother vessel [1, 18]). This
decompression wave appears to create a plateau in the
pressure waveform and augment the flow waveform.

In both figures, the pressure and flow due to forward-
and backward-traveling waves are the respective time-
integrals of dP and dU_. This would seem to be the same
as what is done in the impedance approach but the results
are entirely different after the reservoir pressure has been
subtracted out. The impedance approach generates equal
positive and negative “flow waves” during diastole [27];

@ Springer
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because our analysis is done on the wave-related pressure,
not the measured aortic pressure, no such flow waves are
generated.

7 Application of reservoir-wave theory to analysis
of human arterial hemodynamics

The reservoir-wave theory has recently been applied to
analyze the human pressure waveform [4]. This analysis
combines aspects of the Windkessel theory proposed by
Frank [8] with the wave theories proposed by Womersley
[28] and McDonald [11]. By combining these two models,
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Fig. 8 Simultaneous pressure and flow velocity was recorded in the
proximal aorta using intra-arterial wires in a human subject. Pressure
was separated into forward- and backward-pressure both ignoring (left
panel) and accounting for the reservoir pressure (right panel). When
reservoir pressure was accounted for both backward- and forward-

the analysis is not subject to the same assumption on which
the individual theories are based [28]. In an invasive study
to assess the varying contributions of wave reflection and
the reservoir to measured pressure, intra-arterial pressure
and flow velocity were measured in 19 subjects (mean age
54 years) with sensor-tipped wires in the proximal
aorta using a method previously described [5]. Pressure
was separated into reservoir and wave pressure [4] and
wave pressure was subsequently separated into forward-
and backward-pressure using WIA. Wave speed was
determined using the single-point technique [5].

Using existing wave-only analysis techniques (Fig. 8,
left panel), the peak backward- (or reflected-) pressure was
found to account for ~30% of total pressure, and the peak
forward-pressure ~70% of total pressure). When the res-
ervoir pressure was accounted for (Fig. 8, right panel) the
contribution from reflected waves fell markedly to ~6%
of total pressure. The contribution from forward-traveling
waves also fell to ~44%. The reservoir component was
found to account for the largest rise in peak pressure
(~50% of total pressure). The authors went on to show
that while the forward-, backward- and reservoir pressure
all increase with age, the increase in backward-pressure is
extremely small (2.4 £ 0.8 mmHg/decade). These findings
suggest that the backward- (or reflected-) pressure wave is
only a small contributor to overall pressure and as such is
unlikely to account for the large changes in pressure aug-
mentation which occur with aging and in disease.

These new findings challenge the widely held wave-
reflection mechanism of pressure augmentation [12, 13]
which fails to account for the “cushioning” effect of the
aortic reservoir, and in doing so is constrained to account
for pressure augmentation solely in terms of reflected
waves returning from the distal aorta. Using this reservoir—
wave model it would be possible to examine the separate

Accounting
for reservoir

0,
>8% B Backward pressure

B Forward pressure
B Reservoir pressure

400 800

pressure are significantly reduced and reservoir pressure was found to
be the largest constituent. These findings suggest that backward-
(reflected-) pressure is only a small contributor to overall pressure
when the reservoir is accounted for. Percentages are representative
for the entire data set

effects that different pharmacological agents have on
waves and on the reservoir in the human arterial system.

8 Controversial issues

The Pyaye and Qj, are linearly related (see Fig. 2 in Wang
et al. [23]). According to our model, P, is the difference
between central P,o., and Pegervoir and this suggests that
Pave might be considered to represent a gradient and to be
the driving pressure for flow (i.e., Q;,) from the aortic root
into the reservoir. We view this reservoir as an effective,
lumped compartment, separated by some distance from the
aortic root. The ratio of P, to Q;, has units of resistance
and was found to be numerically equal to characteristic
impedance, as calculated by Fourier analysis [23]. In the
water-hammer equation [10], characteristic impedance is
equal to the dP/dQ ratio and, as such, reflects wave
behavior as well as any viscous resistance component that
might be present. (see “Discussion” pertaining to Figure 5
in Peterson [17]). We suggested that the viscous resistance
component was large and that the wave component was
minimal [23].

It might be objected that a pressure gradient
of ~25 mmHg between the ascending aorta and the aortic
reservoir is unreasonably large, given the fact that the
difference in mean pressures between the ascending aorta
and a small peripheral artery is no more than a tenth of that
value. However, we believe that such an objection could
arise from a failure to appreciate the difference between
peak flow and mean flow. Peak flow is 5-6 times mean
flow and, given the non-linear relation between pressure
gradient and flow, our interpretation would seem justified.

The conclusion that the viscous resistance component is
large and the wave component is minimal is supported by
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the energetic analysis shown in Fig. 9. In the bottom panel,
by integrating the area under the wave intensity vs. time
curves, we calculated the energy associated with wave-
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<« Fig. 9 The energetics of LV contraction and ejection. At the fop is an

LV P-V loop with P egervoir plotted during systole. (This analysis was
done on data from an experiment in which LV volume was not
measured. Therefore, we used the integrated aortic flow as a measure
of LV volume decrease). During the course of ejection, P eservoir (the
red line in the top panel) increases, corresponding to the net increase
of aortic reservoir blood volume. The area under this curve represents
the increase in potential energy during the expansion of aortic
reservoir, an increase that is later expended during diastolic outflow.
As Py 18 the vertical difference between Pora (Paorta 1S assumed to
be equal to Ppy during systolic ejection) and Pjeservoir, the hatched
area in the top panel is equal to the integral of Py, X Qj,. The
second panel shows the total PV power (black) and work (red equal
to the area of the P-V loop) as a function of time. The third panel
shows hydraulic power (black) and work (red the integral of
Pyave X Oin), which we interpret to be almost entirely a measure of
the energy required to pump the blood through the large-artery
resistance [17, 24]. The bottom panel shows wave intensity (black
power per unit cross-sectional area) and its time integral (red work),
which we interpret as the “wave energy” associated with acceleration
(the FCW) and deceleration (the FDW) of the stroke volume. In
principle, this work is included in the hydraulic work (i.e., the integral
of Pyave X Qin in the panel above), but it is too small to identify
graphically (Color figure online)

induced acceleration and deceleration and found it to
be ~ 1% of the total hydraulic work (i.e., the integral of the
Pyave X Qi product; the third panel), which we interpret to
be done in overcoming the proximal resistance [24]. To
further evaluate the magnitude of viscous resistance, we
recently performed bench-top experiments using plastic
tubing with a diameter similar to the canine ascending
aorta [21]. We produced quasi-steady flows (~20 L/min)
and measured pressure gradients along a horizontal, 1-m
length of the tubing, which yielded a value of resistance per
length (4.0 mmHg/L per min per m). We then took the
value of Pyaye/QOin (1.38 mmHg/L per min) found by Wang
et al. [23] and divided it by 4.0 mmHg/L per min per m to
obtain an estimate of the distance between the aortic valve
and the reservoir compartment, 34 cm, approximately the
distance to the renal arteries in the dog. While this estimate
could well be inaccurate by a factor of 2 or more, it is not
totally implausible, anatomically, and therefore tends to
support the interpretation that the value of Py,,/Qi, rep-
resents the hydraulic resistance of the proximal aorta.

In another paper dealing with the Windkessel/reservoir
concept, Wang et al. [24] calculated the energy consumed
by pumping blood through each of these series resistors,
under control conditions and after administration of a
vasodilator (sodium nitroprusside) and a vasoconstrictor
(Mtx). Although the energy expended by the large-artery
resistance was not large normally, it increased substantially
(both absolutely and relatively) with nitroprusside admin-
istration, when stroke volume was increased and Piceervoir
was decreased.

Finally, we have recently shown how increases in large-
artery resistance might, in large measure, account for sys-
tolic hypertension [21].
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Therefore, as unconventional and controversial as our
interpretation is, we continue to suggest that this Py.ye/Oin
ratio represents the large-artery resistance between the LV
and the reservoir [23]. In the 3-element Windkessel (res-
ervoir) circuit [26], characteristic impedance is represented
as a resistor between the input and the filter (i.e., the par-
allel resistance and capacitance), which is an arrangement
entirely consistent with a large-artery resistance. We agree
with others that the 3-element Windkessel is a very useful
approximate representation of the arterial circulation [21].
However, in marked contrast to previous investigators who
have used the impedance approach, we propose that the
proximal resistance might be, indeed, a large-artery viscous
resistance. We also propose that the pressure against which
the 3-element Windkessel empties is P.,, which normally
equals 3040 mmHg—greater than O or venous pressure or
mean circulatory pressure.

It must be recognized that these alternative, reservoir—
wave interpretations are as model-based as those of the
impedance approach. We feel that our interpretations are
internally consistent and that they suggest new physiologic
and, perhaps, medical approaches. However, the interpre-
tations derived from the impedance approach are equally
internally consistent and they have been used successfully
for many years. As they are two internally consistent,
model-based approaches, one cannot be used to disprove
the other. It is left to the members of the present and future
generations of students to identify their individual prefer-
ences, based on utility and on their own internal criteria of
scientific acceptability.

9 Conclusions

As illustrated by data recorded from the proximal and distal
aorta, from the inferior and superior venae cavae, and from
the left heart, WIA yields qualitatively different results
when performed after the contribution of volume-related
changes in pressure have been accounted for. Further
experimental and clinical investigations will be required
to evaluate this alternative approach to understanding
cardiovascular hemodynamics.
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