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Introduction

Pressure-volume (PV) loops are a modality used to depict the
relationship between pressure and volume in the ventricle.! They
are used to represent ventricular performance during a cardiac
cycle. A loop is drawn for a single cardiac cycle that is divided
into four primary phases. The four phases are ventricular filling
(diastole), isovolumetric contraction (systole), ejection (systole),

and isovolumetric relaxation (diastole).
Acquiring PV measurements

PV loops are mostly performed in animal studies.2 A PV catheter
isinserted into the ventricle being studied. This is achieved either

through the carotid/aorta in a closed chest or the ventricle in an

Figure 1: Aortic approach of the PV catheter’
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Figure 2: lllustration of simulated preload conditions concerning

pressure and SV
*LV - left ventricle, Ees - end-systolic elastance, ESPVR - end-systolic pressure
volume relationship, EDPVR - end-diastolic pressure volume relationship
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open chest (Figure 1). Changes in volume, pressure, and inotropy

are simulated as measurements are taken.

An example of volume simulation is achieved with the
manipulation of the inferior vena cava to change the loading
conditions to simulate different preload scenarios (Figure 2). The
haemodynamic and physiological events that can be derived
from these loops include stroke volume (SV), cardiac output,

ejection fraction, and myocardial contractility.
Characteristics of a PV loop (Figure 3)

The PV loop depicts four phases:

1. Phase a - ventricular filling (diastole)

2. Phase b - isovolumetric contraction (systole)
3. Phase c - ejection (systole)

4. Phase d - isovolumetric relaxation (diastole)

Phase a

Phase ais characterised by the mitral valve opening and the filling
of the ventricle. This phase is preceded by a phase where the left
ventricular (LV) pressure drops significantly below the volume of
the full left atrium. The volume in the LV at the beginning of the
phase is termed end-systolic volume (ESV). The volume in the
LV increases, accompanied by a gradual increase in pressure as
the ventricle fills up. This phase ends with a full ventricle with
a higher pressure than in the atrium. The mitral valve, therefore
closes. The volume in the LV at this point is termed end-diastolic
volume (EDV). The difference between the EDV and the ESV

determines the SV.This phase is termed diastole.3#

Phase b

Phase b begins with a full LV and closed mitral and aortic valves.
The LV then generates pressure against both closed valves while
the volume remains the same (isovolumetric contraction), aimed
at exceeding the pressure in the aorta to generate flow. The end

of this phase occurs when the aortic valve opens.3#
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Phase c

Phase c begins when the aortic valve opens, and flow
through the aortic valve starts while the ventricle
continues to generate pressure to a peak ventricular
pressure before it begins to relax. This phase is termed
systole.3*

Phase d

Phase d begins with the closure of the aorta whilst
the mitral valve remains open with a constant volume
(isovolumetric relaxation). The LV continues to relax
until the LV pressure is below the left atrial pressure for
phase a to begin again.3#

The pressure and volume measurements are performed
directly at the catheterasload-independent parameters.
Pressures are plotted on the y-axis, and volumes are on

the x-axis. The following parameters can be determined from the

measurements:%3

« SV - the volume of blood pumped from the left ventricle per

beat (SV =EDV - ESV).

« Stroke work (SW) — work performed to eject a volume of blood
[SW = SV x mean arterial pressure (MAP)], the yellow area on

the graph.

- End-diastolic pressure-volume relationship (EDPVR) slope

- ventricular compliance.

+ End-systolic pressure-volume relationship (ESPVR) slope —

ventricular inotrope.

- End-systolic elastance (Ees) - compliance/cardiac contractility.

Valve pathology and PV loops

Mitral stenosis (Figure 4)

Stenosis of the mitral valve presents a mechanical obstruction
to the filling of the LV. The effect is reduced preload (red loop),
represented by a decrease in EDV.The lower EDV leads to a lower
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Figure 3: Characteristics of the PV loop

*LV - left ventricle, Ees - end-systolic elastance, ESPVR - end-systolic pressure-volume
relationship, EDPVR - end-diastolic pressure-volume relationship, AVc - aortic valve
closure, Avo - aortic valve opening, MVo — mitral valve opening, MVc — mitral valve closure,
ESV - end-systolic volume, EDV - end-diastolic volume, SV - stroke volume, phases a,b,c,d
- ventricular filling /diastole, isovolumetric contraction/systole, ejection/systole, and
isovolumetric relaxation/diastole.

ventricular filling pressure left ventricular end-diastolic pressure
(LVEDP).2

The heart contractility is, therefore reduced through the intrinsic
Frank-Starling mechanism leading to lower peak ventricular
pressure. Therefore, there is a lower ESV, however not enough to
offset the reduction in EDV and consequent lower SV. Ventricular

SWiis also reduced.®

Mitral regurgitation (Figure 5)

Mitral regurgitation is characterised by losses in both true
isovolumetric contraction and relaxation. This leads to the loss
of phases b and d in the PV loop. The ESV is reduced to flow back
into the atrium during isovolumetric relaxation, and the EDV is
increased due to unregulated excessive flow from the atrium

during diastolic filling.6

This leads to increased LVEDP, SV, and SW. The ventricle cannot
generate an adequate peak pressure and, therefore, ejection into

the aorta is reduced.
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Figure 4: Mitral stenosis

Decreased ESV, EDV, SV, SW

*LV - left ventricle, Ees - end-systolic elastance, ESPVR - end-systolic pressure-volume relationship, EDPVR - end-diastolic pressure-volume relationship, AVc - aortic valve
closure, Avo - aortic valve opening, MVo — mitral valve opening, MVc - mitral valve closure, ESV - end-systolic volume, EDV - end-diastolic volume, SV - stoke volume,
phases a,b,c,d - ventricular filling /diastole, isovolumetric contraction/systole, ejection/systole, and isovolumetric relaxation/diastole.
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Figure 5: Mitral regurgitation
*LV - left ventricle, Ees - end-systolic elastance, ESPVR - end-systolic pressure volume relationship, EDPVR - end-diastolic pressure volume relationship, AVc - aortic valve

closure, Avo - aortic valve opening, MVo — mitral valve opening, MVc - mitral valve closure, ESV - end-systolic volume, EDV - end-diastolic volume, SV - stoke volume,
phases a,b,c,d - ventricular filling /diastole, isovolumetric contraction/systole, ejection/systole, and isovolumetric relaxation/diastole.
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Figure 6: Aortic stenosis
*LV - left ventricle, Ees - end-systolic elastance, ESPVR - end-systolic pressure volume relationship, EDPVR - end-diastolic pressure volume relationship, AVc - aortic valve

closure, Avo - aortic valve opening, MVo — mitral valve opening, MVc - mitral valve closure, ESV - end-systolic volume, EDV - end-diastolic volume, SV - stoke volume,
phases a,b,c,d - ventricular filling /diastole, isovolumetric contraction/systole, ejection/systole, and isovolumetric relaxation/diastole.
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Figure 7: Aortic Regurgitation
*LV - left ventricle, Ees - end-systolic elastance, ESPVR - end-systolic pressure volume relationship, EDPVR - end-diastolic pressure volume relationship, AVc - aortic valve
closure, Avo - aortic valve opening, MVo — mitral valve opening, MVc - mitral valve closure, ESV - end-systolic volume, EDV - end-diastolic volume, SV - stoke volume,

phases a,b,c,d - ventricular filling /diastole, isovolumetric contraction/systole, ejection/systole, and isovolumetric relaxation/diastole.

Aortic stenosis (Figure 6) During diastole, there is an elevation in preload due to volume

. . . . . incoming from the atrium added to the increased ESV. This leads
Aortic stenosis presents a mechanical obstruction to ventricular

outflow. The ventricle has to generate a very high peak pressure
to overcome this pressure for ejection (phase c). An inadequate
volume is ejected with residual volume at the end of systole,

to an increase in EDV. An increased EDV requires the ventricle to
generate very high pressures during isovolumetric contraction
following the Frank-Starling mechanism to eject SV. There is,

represented as a high ESV. however, still a reduction in SV in the face of an increase in SW.”
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Figure 8: Ventricular performance

Aortic regurgitation (Figure 7)

Aortic regurgitation is characterised by the failure to close during
both isovolumetric contraction and relaxation. The ventricle
starts filling up during isovolumetric relaxation before the mitral

valve opens.

This leads to an increase in ESV. During true diastolic filling, the
ventricle continues to fill up from two sources, the mitral and
aortic valves, leading to an increase in EDV. The increase in EDV is
accompanied by an increased LVEDP. Isovolumetric contraction
is shortened with the ventricle reaching a peak pressure
above aortic pressure through activation of the Frank-Starling
mechanism to increase the force of contraction.*

Frank-Starling relationships

The Frank-Starling mechanism is an intrinsic cardiac response to
changes in heart rate or SV (Figure 8).8°

The mechanism was defined by Otto Frank in the 19th century
using isolated frog hearts. He found that the strength of the
ventricular contraction was increased by the level of the stretch
of the ventricle before contraction. Ernest Starling and his group
added to this knowledge by discovering that increased venous
return increased the LVEDP, increasing the SV. On the contrary,
they described the decrease in SV as related to reductions in
venous return.®'°

Systolic dysfunction (Figure 9)

Ventricular systolic dysfunction is characterised by reduced
contractility. In prolonged failure of contractility, the ventricle
dilates and retains more fluid as ventricular emptying is
incomplete. There is a compensatory increase in preload as
SV decreases. There is a downward shift in the Frank-Starling
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Figure 9: Ventricular systolic dysfunction
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Figure 10: Ventricular diastolic dysfunction
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relationship/curve3# The PV loop of a systolic dysfunctional
ventricle shows an increase in ESV, a compensatory increase in
EDV, reduced SV, a normal EDPVR, and a depressed ESPVR slope.®

Diastolic dysfunction (Figure 10)

Diastolic dysfunction occurs in ventricles that are either
thickened or stiff. These ventricles have a lusitropic challenge.3#
The ventricle has an reduced EDV and increased EDP, fails to
generate a supra-aortic peak pressure, and therefore eject a
reduced stroke volume. The ESPVR is preserved whereas the
EDPVR is reduce. Contractility may be increased.5'"12
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