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elastance and left ventricular aortic

coupling
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Abstract

Many aspects of lEft Ventfictlar fUREEon are explained

by considering

[GBRErEEEIEY is best measured by the SIOPE, EfiaX, of the

Ventricular
systole is usefully characterized by a [fifieVaming

An extended area, the [pressures

subtended by the ventricular pressure—
volume loop (USEflffnechanicallWork) and the [ESPVR
feneray expended without mechanical work. i il
related to myocardial oxygen consumption per bt
For [energetically efficient systolic ejection Vertrcular
ltage o be, and i RGN o BOMICElESaNEE
Without matching, the fraction of energy expended

Willio Ut mEchacal WOTkIETEases ond cneroy is ost
during ejection across the aortic valve. Ventricular
function curves, derived from NeRtficUlarpressures
volume characteristics, Interact v+ 1h venous return
[GUVEs to [feguilate cardiac output. Thus, consideration of
ventricular pressure—volume relationships highlight
features that allow the heart to efficiently respond to
any demand for cardiac output and oxygen delivery.

Background
The heart is a muscle pump that delivers blood at a high
pressure to drive passive blood flow through a complex
arterial and venous circuit. The demand for blood flow
is determined by metabolic activity of the tissues. For ex-
ample, increased skeletal muscle work leads to increased
demand for oxygen so blood flow must increase to this
specific muscle. Since

it follows that

mined by peripheral tissue demands,
blood floW must be Fegulated by the [periphery. So the
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heatt must have Special [CRAracteristics that allow it to

[espond appropriately and deliver necessary blood flow
and oxygen,

To understand these we

start with Ventricalar and show how
these curves are generated by underlying Ventriculas
_ Understanding ventricu-
lar function from a pressure—volume perspective leads to
consideration of concepts such as fiffle-Varying ventricular
Elastance and the connection between the work of the
heart during a cardiac cycle and myocardial oxygen con-

sumption.
BT (e conuitered [DESIO <. the [ESANEGEDN of
the |ieart to the Venous Circulation is considered in an ab-

breviated form as these relationships, which define how
cardiac output is regulated, stretch the scope of this re-
view. Finally, the clinical relevance of this understanding
is highlighted by considering, for example, Why afterload
reduction is an excellent therapy for systolic hear failure
but fails to help, and instead Rafis, when §ystoli¢ heart

il is O the pEoBIER
Ventricular function curves

Classic ventricular function curves
[Starling fanction [Gurves, or ventricular function curves,
[elate the [input of the heart to GUEPUE (Fig. 1) [1]. Any

input and any output can be considered. For the heart
we most frequently use right atrial pressure (central ven-
ous pressure) or left atrial pressure (pulmonary capillary
wedge pressure) as clinically measurable inputs to the
heart (preload). Cardiac output (blood flow out of the
heart in liters per minute) is a common measure of out-
put of the heart. Other inputs and outputs yield different
but related ventricular function curves.

-—sometimes called Starling’s law of the heart

or the _ [2]. This relationship
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Ventricular Function Curve

15 1
Increased ventricular contractility
- Increased diastolic compliance """
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Fig. 1 This ElassicVentricular functioniclrve relates input of the

heart (end-diastolic pressure in mmHg) to output of the heart
(cardiac output in liters per minute). The ventricular function curve

shifts [l and to the I€ff when ventricular systolic [€ontractility
increases. However, iicieased @iastoli€ compliance and [decreased
[afterlead can [@ls6 Shiff the ventricular function curve up and to

the left

\ J

is curvilinear (Fig. 1) so that, at high preload, further
increases in preload yield diminishing increases in

cardiac output. A [$Pecifi¢ ventricular function [CUEVE

applies to a
Stolic'compliance, and afterload. Using cardiac output
as pump output, if ventricular contractility increases
(at a constant afterload), then the ventricular function
curve shifts up and to the left so that, at the same
end-diastolic pressure (preload), a greater stroke vol-
ume and cardiac output is achieved [1] (Fig. 1, dashed

line). [[mproved ventricular [diastolic and
ldecreased afterload (aortic pressure) also results in fid
.« RSN OERRGRIE v

so these changes also Shiff the ventricular function

GV up.

The motivation behind early studies of ventricular func-
tion curves was the desire to identify intrinsic ventricu-
lar contractile function. Classic Starling function curves
shift down with increased afterload [3] Without a change
in contractility of the heart [4]. Therefore, modifications
to ventricular function curves were considered. In some
versions “output” was changed to stroke work or stroke
Work per minute (stroke [power) [5]. Stroke - incor-
porates afterload since it is
- In some versions
diastolic"volame [6]. This addressed the issue of non-
linear diastolic compliance [5]. Probably the zenith of
modifications to ventricular - lcurves is the
concept of pEEIGRANFECHAbIENSHEOREIWOEK (7). When

Page 2 of 11

the

stroke work is plotted against end-diastolic volume
relationship is highly lii€a¥ and fairly insensiive to load-
iconditions. The SIope of this relationship is a eas-
of NN N 7). T [
ventricular function [CUEVES are more Specific for intrin-
icontractile function but fall short of

perfect. Because of different strengths and Weaknesses,

Specific questions: In a clinical context central venous

pressure (right ventricular end-diastolic pressure) and
cardiac output are readily measurable and are often most
appropriate.

[Alternative Approaches to measurement on intrinsic

myocardial lcontractility included consideration of the

«

" is seen by the
contracting ventricle. The maximum rate of change of

ventricular pressure, occurs in
Systolé and when is (8]

(for example, by addition of adrenergic agents or cal-
cium). While dP/dty,., avoids the problem of afterload
effect, is to in Not
surprisingly, when isovolumic contraction

then dBjdtmay is
Therefore, empirical have been ap-

plied. is another adjusted measure of
ventricular contractile function [9]. An interesting exten-
sion relates these isovolumic pressure measurements to
sarcomere shortening. [ViaX [6], the maximum rate of
Sarcomere Shortening, was calculated by considering
units of cardiac muscle (sarcomeres) to be made up of a
contractile element and a linear series elastic ele-
ment—the series elastic element converting contractile
element shortening into pressure. In analogy to cardiac
muscle velocity—length relationships [10], the maximum
velocity of shortening can be extrapolated from a plot of
dP/dt (representing velocity of contractile element short-
ening) versus ventricular pressure (representing con-
tractile element length). This approach appeared to
circumvent afterload sensitivity and incorporated pre-
load. However, these and related computed indices [@ll

“Curve-fitting” approaches to modifying ventricular
function curves did not conceptually connect easily with
underlying mechanism—Hill’s sliding filament model of
muscle contraction. While isovolumic phase measure-
ments were linked to underlying mechanism, they re-

quired many debatable assumptions. -
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Ventricular pressure-volume relationships
Underlying muscle fforce=velocity and force=length
relationships

Cardiac muscle strips demonstrate

Systolic contractile'force (Fig. 2). As the strip of relaxed
N B -, bt G

cardiac muscle is Stretehed,
[MUCH That is, the relaxed [diaStoli€ muscle strip is Very

lcompliant When a contraction is elicited by an electrical
stimulation the muscle becomes much stiffer so [feRsion

(WRCETPEIRTER) iscs to « FEKIEGR SYSEBIE valuc. Wien
the

substantially—an ex-
pression of law of the heart. This force-length
relationship is quite Jifl€8F but, at extreme muscle
lengths, the relationship pIatéaus at a maximum tension

in part because, with increasing stretch, OVerlap between

Maximum overlap corresponds to a
number of FCRSOSAICHOSEBAIEE anc.

hence, maximum force. This force—length characteristic
curve describes inherent cardiac muscle properties @f

one contractile state.

[Repeat stimulation of the cardiac muscle strip shortly
after the initial stimulation contraction)
causes [feleéase of further [€al€ilim from the sarcoplasmic
reticulum into the sarcoplasm, causing [iiicreased intery

to result in [increased con-
(Fig. 2). The slope of the potentiated force—

length relationship increases. Thus, an increase in the
inherent contractility of a cardiac muscle strip results in
a -. and to the- of the force—length relationship,

primarily characterized by an [ificrease’in slope!

Force - length relationships of a cardiac muscle strip

50+ a
Working Length a A
ol 90% Lmax
a
E 40 - | ° o
~ | A °
=z L3
€ |
< 30+ a | ® Normal
c | .o
O Potentiated a +
= 20+ |
%) R
- |
o ¢
— 107 A o !
A o | Passive Tension
A o | o 0 ©
0o ¢ 88 o 0000 Q9 F | |

3.0 4.0

3.5
Length (mm)

Fig. 2 For an isolated rabbit trabecular muscle strip, force, expressed
as [forcel [per @red = [fension] is plotted [@gainstistarting lengthl Passive
tension during diastole is plotted as open circles. Normal active
tension after electrical stimulation is plotted as closed circles.
Contractions following a S€condifapid electrical Stifaulation, which
ifcreases| the [GEIGIURT concentration at actin/myosin sliding filaments
and therefore [ificféases €entractility (Potentiated), is plotted as

open triangles
A\
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Cardiac muscle strips arranged into a three-dimensional,
somewhat spherical structure, the heart, then generate

pressure due to muscle strip force, at a Ventricular chamber

Thus,

cardiac muscle force—length relationships underlie ven-
tricular pressure—volume relationships and, therefore, share
a number of key features [12].

Ventricular

pressure-volume loops
To [fémove and control the influence of Changes in [pre-
I6ad and [afterload, several groups of investigators stud-
ied isolated perfused hearts with loading conditions
controlled using servo systems. Statling’s very early Work
demonstrated that [iicreasing énd-diastolic and
Voluime [increased stroke volume. The effect of afterload

was considered next. Weber, Janicki, and colleagues

creasing end-systolic pressure [4].
colleagues put these within a Ventricas
(Fig. 3) which illustrates

the pressure—volume trajectory of the left ventricle
throughout the cardiac cycle and, in particular, illustrates

the EfECHOFAIRGFEAIpFEIgad and oltcred SHEHOAA [13]. The
key feature is that, at the same contractile state, all con-
relationship (ESPVR).

Figure 3 illustrates that during diastole the heart fills
at quite [[6W [pFesSures along the normally compliant

diastolic pressure—volume relationship of the ventricle
(Iabeled .’). With the onset of _ - the
ventricle contracts, [f@iSiiig intraventricular [pressure at
iconstant Volume (in the absence of regurgitant valvular
heart disease; labeled ‘.’). When _ -

Ventricular Pressure - Volume Relationships
200 1 ESPVR
Increased
o 150 T Afterload
S
>
7
3 100
a B B e ]
S Stroke :
7 Volume : ::Elcrleaséed
1 reloa
50 d b :
I
0 .a T }
0 ESV 50 EDV 100
LV Volume
Fig. 3 Left ventricular pressure volume relationships. A cardiac cycle
is illustrated by the loop labeled as “a”, "b", “c’, and "d". ESPVR
OSSO BESSUTESOIUENEIRHBRGHP (I vorvicuor
.
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EGEEd O pressure the [OHE VAN

ejection occurs (labeled ‘i€”) and continues

pressure during the fsovolt
phase (labeled 9d”) and the cardiac cycle

starts again.

[iastolic filling ‘@

The is highly
lGompliant so that the ventricle fills easily at low diastolic
filling pressures. The relationship is [CUrvilineas fitted

well with an €Xponential relationship [14] so that at [ifid

This curvilinear diastolic pressure—volume relationship
is also fit well with a mathematically similar relationship,
P=Sxlog[(Vm-V)/(Vm-Vo)], where S represents
diastolic myocardial stiffness, Vm is a maximum dia-
stolic ventricular volume (set by the pericardium and
the cardiac cytoskeleton [15, 16]), and Vo is diastolic
volume at a pressure of zero [17]. This relationship is
asymptotic to the maximum diastolic volume, Vm, so
that maximum volume is reached even if pressure con-
tinues to rise; a feature which likely better approximates
the biological reality that a ventricle can not expand in-
definitely [18]. Maximum volume is set by the maximum
dimensions of the heart [19] and pericardium [20].
Above the maximum volume the ventricle would rup-
ture. Either equation conveys the key characteristic of

the diastolic ventricle—TESGHy GOMBIAREGEIOW O
e and FISiEasily but becomes much S v it ap-

proaches a

IBGVBIGHIE contraction ‘B

Systole starts with active contraction of ventricular muscle.

This [ificrease in Ventricular wall [fension is translated into
on TR T et v o N

lationship. That is,

In normal hearts, this rise in intraventric-
ular pressure €loses the [itfal valve. Since intraventricular
pressure is less than aortic pressure, fielaortic valve'is'alsol
[closéd! Therefore, during this phase of ventricular contrac-
tion, there is The [fate of
[fis€ of jpressiire during isovolumic systole has been used as
a In
particular, the maximum rate of rise of intraventricular

pressure, . (dP/dt;nax)/VEp, and Vmax are -

Ejection phase &’
As systolic ventricular contraction continues intraven-

tricular [Fise€s and then €Xceeds [aortic [pressire,
which [opens the [aortic Valve and gjection of blood oc-

curs. Ejection continues until €hd=systolel Stroke volume

Page 4 of 11

(8V) is the volume of blood ejected with each cardiac
cycle and

(SV = Vip - VEg).
and, specifically,

systolic pressure.

It is not surprising that at (the blood
pressure along segment “c”) the
eject far whereas at lower afterload the ventricle is able
The remarkable finding by Suga and

gt ot o EREROE S EESTe

for ejections

- (ESPVR in Fig. 3). That is, an [increase or [de-
n @EEHBAE results in a lif€arly related décrease

or - [respectively, in ventricular [4] so
that the end-systolic pressure—volume
SEERENESRR (13). Furthermore, if BHEIGAA is fnteased

(or decreased) so that [end=diastolic volume is increased
(or decreased) the [Subsequent stroke volume is [in-

kcreased (or [decreased) to the so that the
end-systolic pressure—volume

22].

Emax=max. elastance

The end-systolic pressure-volume relationship and Emax
The is approximately a straight line with
The units of this slope are which is
(Note that the - of
) The ESPVR incorporates afterload so that indi-
ces of ventricular contractility derived from the ESPVR

are [ifldépendent of afterload [23]. EMaX is an excellent
[measure of intrinsic ventricular Contractility, which is
less'load sensitive than other indices of ventricular con-
tractility [6] and is [[SEnSitiVe to WEArt Fateé within the
normal physiologic range [23]. [flEmax increases, it can
be seen (Fig. 3) that the Ventricle is able to [gject further
(o « EREE i SN G < . S BN
Le., it demonstrates fificreased contractility [22].

THEEVARYIRG elastance

The ESPVR is the pressure—volume characteristic curve
of the ventricle at end-systole. In an experimental setting
the ESPVR is typically determined by measuring the
end-systolic pressure—volume points for several differ-
ently loaded cardiac cycles to yield several points along a
linear relationship—the - (Fig. 4) [22]. It is also
possible to construct pressure—volume characteristic
during the cardiac cycle.
For pressure—volume points at
into the cardiac cycle can just as easily be measured
(Fig. 4). Since the slope of each of these lines is -

(@asiaice At the Speciie BMENPOID) the cardiac cycle

can be regarded as of the
ventricular chamber [24]. Thus,

the muscular ventricular chamber simply Eyclé§ from
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Time varying elastance
200 T

250 ms

-
o
o

Q 150 ms
-
3
3 - 100 ms
@ 100
-t
o
> -~ 50ms
- 50 A
0 t }
0 50 100
LV Volume

Fig. 4 [ EEIAErENUyNOAARAICH ARG The end-systolic

pressure—volume points all lie on a line termed the end-systolic
pressure—volume relationship - The slope of the ESPVR is
Emax, maximum elastance. At any time during systolic contraction
(e.g., 50-ms time points are shown as filled circles) a line can be drawn
connecting pressure-volume points from each of the differently
loaded contractions defining elastance (AP/AV) at that time point.
Ventricular systolic contraction can therefore be regarded as a
time-varying elastance

to o igh el
tance The presence

of mitral and aortic valves cause the time-varying elas-
tance ventricular chamber to describe a pressure—vol-
ume loop. occurs very near

Maximum elastance, Emax,
he €nd0f Systole. Because of [inértia of Bl6od exiting the
aortic valve and @Ortic [impedance, blood flow persists
just slightly beyond the time of maximum elastance so
Emax does not exactly equal Jentricular elastance at
E&, but these two measures are nearly
equal. The time course of Elastance through the cardiac

cycle does [0t change substantiallj with changes in
et Fate (23 bu: ichatiges magkedly with GHARgES in
icontractility and, indeed by definition, [iSithe full repd
resentation of contractility.

During is at a [mini-
[MUm or, said another way, ventricular compliance is
at a maximum, to facilitate rapid filling of the ven-
tricle at low pressures. The

diastolic pressure-volume
elionship is [0 cxactly Jingat since the diastolie
Venisicle. becomes. SEHEE (css_complian, fi0Fe el
RO as it nears its [NUTASIE FAXIURY VOIME and

as it impinges upon the constraint provided by the
much stiffer pericardial sac. This points out that pres-
sure—volume characteristic curves at any time point
during the cardiac cycle are not completely linear
from their diastolic pressure—volume relationship start
through to their end-systolic pressure—volume rela-
tionship maximum [25], but it is impressive that they
are nearly so.

Page 5 of 11

[Other features of pressure-volume relationships

The ESPVR is not completely linear because the systolic
ventricle has a limit to the maximum pressure that it
can generate [25]. Thus, at high volumes and pressures
the end-systolic pressure—volume point falls below an
exactly linear ESPVR. When the ventricle ejects quickly
the end-systolic pressure—volume point falls slightly
below an ESPVR generated from slower ejections (or
from isovolumic contractions). This is due to internal
myocardial viscoelastance. That is, energy is used to
overcome viscoelastant characteristics of myocardial
muscle.

One perspective is that FESRIFESOTENOAPSION

pressure—vol-

a

ume relationship (décreased diastolic [COMPpliance) or
a shift [doWH of the ESPVR reduices the available Operd
@ting'space for the heart and, ultimately, léads tol

heart failure. Another perspective of the cardiac cycle
illustrated by pressure—volume loops is that the

tricle during a cardiac cycle is the [integral

and which is simply the [area of the interior

Pressure-volume relates to metabolic and
mechanical function

Pressure-volume area and myocardial oxygen

WGEK that the ventricle performs must be Felatéd to the
amount of SR RENRRRER - rlec< by NSRRI
loXygen 'consumption. However, careful measurement
shows the area within a pressure—volume loop (stroke

work) is fiot uniformly Felated to myocardial oxygen

consumption per beat [26]. For example, consider an

There is fio'area within this vertical line on a ventricular
pressure—volume diagram - the - certainly

Iconsuimes oxygen [26]. Suga and colleagues considered

that the additional area underneath the ESPVR could be

regarded as [6] (Fig 5). The
- of the within the cardiac cycle

the additional under the was called
]. Now the

between myocardial oxygen consumption and PVA is -
Wthh reflects the Efficiency of
he eat n Gt ) EREE v e

energy [27]. This line intersects the myocardial oxygen
consumption axis so that,

even when producing no PVA
ok, the [ERHE must (ERSUME OXygeR to maintain basal
el inction and to [ecyelé calciui BAck into the

sarcoplasmic reticulum with each beat (termed E-C
coupling) [28].
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Pressure - Volume - Area (PVA)
150 T
ESPVR

100 1 — Cardiac cycle P-V loop

Potential
Mechanical
Work

50

LV Pressure

0 P Y
0 50 100 150

LV Volume

Fig. 5 is the area within the cardiac

cycle pressure-volume (P-V) 668 PIES the area under the [ESPYR
BYA | el cotelate v+t fyocardial oxyaen consumption’

LV left ventricular

An [increase in eart fate did 1ot AlEer the relationship
between PVA| and myocardial oxygen ConSumption per
[béat [29]. However, an [ificiéase in [contractility, induced
by increased calcium or by epinephrine, results in a [paF]
SIEISAONENEREGRND (25) The HEE sts the
jSame, which means that an [iicrement in the chemical
leneérgy required to produce an [incrément in [PVA work

stays the [§@e. However, the myocardial oxygen con-
sumption intercept increases, indicating that the Heartis

Iack it the Sacoplasmic getieulu with cach beat.

An alternative perspective is that myocardial oxygen
consumption is related to the integral of wall tension
over time, the tension—time index [30, 31]. The tension—
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time index is fundamentally very similar to PVA if con-
traction time is approximately related to the theoretical
change in volume of PVA. PVA leads to a clearer mech-
anistic understanding (pressure x volume has units of
work while tension x time does not) and is, therefore,
the focus here.

Connection betueen pressure-volume relationships and
ventricular fUnction curves

The pressure—volume - of a cardiac cycle described
above are

directly related to ventricular function curves
(Fig. 6). Stroke volume (determined as the difference be-

tween end-diastolic volume and end-systolic volume)

FRUIEIEd by heart [FAfE yiclds [diRE GWIBHE For 2

known Systolié Gontracile  GiSSHOI pres-
sure—volume relationship, and
R s <ctermine.. IR WA

Cardiac output can then be calculated yielding a ven-

tricular function curve (Fig. 6). Since [Stroke Volume is
influenced separately by the e [diastolic pres-

sure—volume relationship, and it follows that

ventricular fURCHON CUrVes are

. For example, déd
EERERE TR it n (TR G B
particularly in the [failifig heart. This results in [increased
Stroke Wolume and cardiac output so that /decreased
afterload shifts the ventricular function curve up

and to
the [left (Fig. 1). Conversely, decreased compliance (in-
creased stiffness) of the diastolic left ventricle decreases
stroke volume because end-diastolic volume is decreased
at the same filling pressure. A [décrease in lcontractility
(ESPVR), decrease in end-diastolic compliance, or
and

therefore [shift the curve downward and cannot be dis-

tinguished on a cardiac function curve.

160 T

120 +
-
a Stroke Volume
» 80 T+
(]
(o
o
3 40

0 +—L ¢ '
0 50 100
LV Volume
curve on the right-hand panel. LV left ventricular

.

Connection between ventricular pressure - volume relationships and ventricular
function curves

Cardiac Output

Fig. 6 Stroke volume, derived from the left-hand panel, multiplied by heart rate yields cardiac output on the right-hand panel. Thus, for a given
ESPVR, diastolic pressure—volume relationship, and afterload, a range of end-diastolic pressures on the left-hand panel yield the ventricular function

15 1

-
o
.
N
AN

/ Stroke Volume

o
~

X
/ Heart Rate

0 + t t —
-5 0 5 10 15 20
End-Diastolic Pressure
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Interaction of ventricular pressure-volume relationships
with the arterial vasculature

The R R
v B o o o S R
valve is open. kelastance can be Estimated from
the SIGPE of a plot of AGFtiC Pressure versus volume

o Plaod GEEE i th s (1 7) v Gt
ratio of stroke work (useful work) to PVA (wasted
energy) of the left Ventricle is achieved When leff

ventricular _elastance is approximately equal to aortic
kelastance. To understand this consider [tWol [connected
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palloons. Note that elastance equals pressure change
per volume change.
{ance, then they are at equlhbrlum so the pressurex
by the pressure x volume chan in the other

than [@Fterial elastance results in a

BEER trom e [EERRIE BRI <o v B
which results in [[0SE €nergy [32]. If Ven-
lelastance is 1ess than [rterial elastance, then
energy is - [potential mechanical work on a

PVA diagram (Fig. 7).
s N
150 T
Arterial Ventricular
elastance elastance
(M)
= 1004 -
- ] — Cardiac cycle P-V loop
(7))
(7))
(V)
ud
o
50 +
Wasted | useful /
Energy Work P
0 t !
0 100 150
LV Volume
150 T ]
Arterial
elastance .
(/— Ventricular
elastance
(M)
5 100 1
0
]
()
it
o
50 +
ay Wor y;
//
0 : = . i
0 100 150
LV Volume
Fig. 7 An BEHEISBSIENGENINE c2n be BEEEA to = VA diagram (Fig. 5) by considering the EEIIpESSUEMITINE SIS EMIEAan
FieaBe N arerENOIMe (EGUaI e HEciease in VEnteula VBIMe). Compared with the healthy state (top pane, » BECREaS8 in VENMHCURR
[Elestance and an inciease in arterial Elastance mean that more [nergyl is Wasted on the [PVA diagram. LV left ventricular, P-V pressure-volume
- J
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Heart failure

contractility

Walley Critical Care (2016) 20:270

n health left ventricular end-systolic elastance (end-
systolic pressure divided by end-systolic volume) is Siffii-
I&F but somewhat less than @0rtic ElaStance (slope of the
aortic pressure—volume relationship, which is actually a
“dynamic” elastance). Over the observed range stroke
work and efficiency remain close to optimal [33]. During
the ejection phase left ventricular elastance increases as
described by Suga and Sagawa’s time-varying elastance.

Interestingly, ElSENGE O e GO AIS0 AereaSes during
s i il during the ejection phase, Overal, there is B8

sonable matching of ventricular elastance to aortic elas-
[&HG8 This [EIRIZES the amount of JUBER done by the
B - [ [ o 1 [N o
[EGEEA EfSIBY due to blood yolume SOEed in the lastant
[EBE is then available to [@ENE blood B through per-
ipheral arteries [diifing @BSEOIE In a modeling study,
IMBgdEF et al. [34] also included [CHENEES in [FESISENCE
They found that GG EOMPUANEE and the consequent
elastance is [GHIjNADOUINONE GGG of ventricular end-

systolic elastance. They surmised that

_changes in aortic
[BIESEG., as used by Burkhoff and Sagawa [32], [EiS§HaIs0|
reflect changes in resistance.

In disease states Ventriculaf/SOFEEIEOMPIRAGe becomes
isinatched. Heast falue e to decreased sysolic otk
smetility means tht yentricular systolic elastande in
greatly décreased. If the cause is related to coronary artery
disease, then it is very common to also find a
[orta. This @ccentuates the mismatehl between ventricular
and aortic compliance during systole, which means that a
jgreater fractionof the WorK done by the ventricle is
wasted (a greater fraction of PVAl is under the ESPVR and
Ilell'géle7s)§ steep (less blood ejected)=decreased

Interaction of the heart with venous blood flow returning
to the heart
The pressure—volume characteristics of the ventricle
mean that if more blood returns to the heart (more dia-
stolic filling so a , then the ventricle will still
eject to the same ESPVR so that stroke volume will in-
crease exactly as much as Vgp increased. This gives the
h€art the basic characteristic that it

This allows regu-

latory of cardiac [GHEPHY to
a necessary feature

The factors governing venous return are illustrated
in Fig. 8. When right atrial pressure equals [iCanNsyes

EiE JPRESSHFE (hcre is no driving pressure gradient

for blood flow back to the heart; thus, venous return
is zero. As right atrial pressure is reduced the impedi-
ment to blood flow back to the heart decreases so
that venous return rises approximately linearly. The
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Factors that govern venous return

12 ~
£ N
3 AN
@ 10 AN
o 1 N
7] 1 N
N
g o RN
= 1 N
N
O~ ! N
> £ 6 1 Ny
~ £ 1 N
53 SLOPE = 1/RVR AN
o 4 N
5 4 N
(o] N
o 2 N
© N
— N
° N
= 0
@
(&) 5 0 5 10 T 15 20 25
. EEE—
Mean Systemic 4 yolume

Pressure + sympathetic tone

Right Atrial Pressure (mmHg)

Fig. 8 Lowering right atrial pressure increases blood flow back to
the heart—venous return. This venous return curve can be shifted,
primarily by an increase in the x-axis intercept—mean systemic
pressure. RVR resistance to venous return

slope of this venous return curve has units that are

the inverse of a resistance—termed
G [35),

It can be seen that venous return at any right atrial
pressure can be increased by increasing mean systemic
pressure or by decreasing resistance to venous return.
is a
Sure that arises from venous blood volume distending
the systemic veins. If the volume of the distensible ven-
ous compartment is increased, then mean systemic pres-
sure increases. Alternatively, if the [capacitance of the
Venous' compartment decreases, say by catecholamine
infusion or increased sympathetic tone, then the pres-
sure within the venous compartment can increase with-
out a change in volume.

In steady state the BFOUREIONBISOAERFATREIONERE
heart must equal the amount of blood leaving the heart

so that venous return must equal cardiac output. Indeed,

Therefore, as illustrated in Fig. 9, the ventricular func-
tion curve and venous return curve can be plotted on
the same set of axes. The [iiferséction of the Ventricular
give the value of
steady state cardiac output and the value of steady state
right atrial pressure.

Implications for tréatment of cardiac dysfunction

Effect of inotropic agents and afterload on normal and

failing heart function
[determined almost exclu-

n [Realth, cardiac OUEPUE is
vy by, the N EGETRNGE (e
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Interaction of venous return curves with ventricular function curves

15 T

N
o

Cardiac Output

5 0 5 10 15 20
End-Diastolic Pressure
Fig. 9 |Ventricular function curves can be plotted on the same set of axes and venous return curves. In steady state cardiac output must equal

venous return so the intersection (filled circle) identifies the cardiac output and end-diastolic pressure of the cardiovascular system. A decrease in
cardiac function results in a decrease in cardiac output and an increase in end-diastolic pressure (open circle)

Effects of inotropic agents and afterload reduction on normal and failing hearts

12 1

-
o
1
T

Cardiac Output

D N N
-5 0 5 10 15 20 25
End-Diastolic Pressure

-
N
1
1

Cardiac Output

i‘.‘
5 0 5 10 15 20 25
End-Diastolic Pressure

Fig. 10 Top: in a normal heart increased contractility does not change the normally steep ventricular function curve so this does not change
cardiac output much. In contrast, changes in venous return cause large changes in cardiac output so, in health, cardiac output is primarily
controlled by the peripheral circulation. Bottom: in a failing heart changes in venous return curves no longer result in substantial changes in
cardiac output but raise venous pressure (solid circle to open circle on bottom ventricular function curve). Now an increase in contractility results
in a substantial increase in cardiac output and decrease in end-diastolic pressure (filled circle on lower ventricular function curve to filled circle on
upper ventricular function curve)
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system pressure, [F€SiStance to venous return, right atrial
pressure). The top panel in Fig. 10 shows that substantial
changes in cardiac output occur with shifts in the ven-

ous return curve. In contrast, @ shift of the ventricular
function curvedue to either an [[iicréase in ventricular
ot R B S il |
diac gutput because, i health, o ESPVR s alrady very
lsteep (Fig. 10).

is [0W then

idoubling of Emax or a [eduction in leads to a
very UBSERER] S up of the FEnpAENEY RGHSH
large increase in cardiac output

curve. This results in a
at a decreased end-diastolic pressure and volume. Thus,
increasing venticular contractlty is an neffective st
egy when the |R€art is mormal but is a highly effective
strategy to increase cardiac output when systolic con-
tractility is reduced in a [diS€a8€ state (Fig. 10, bottom
panel). Similarly,

arterial vasodilators only reduce arterial
[pressuire in healthy individuals but are Very effective in

increasing ventricular function and cardiac output Whenl

Conclusions

Many aspects of left ventricular function are explained
by considering ventricular pressure—volume characteris-
tics. Ventricular contractility, diastolic compliance, ac-
tual and potential stroke work, and the interaction of
the heart with the arterial and venous circulations all
can be elucidated from ventricular pressure—volume
characteristics. Consideration of ventricular pressure—
volume relationships highlight features that allow the
heart to efficiently respond to any demand for cardiac
output and oxygen delivery.
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