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How to invasively assess left ventricular function
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Efektivita prace levé komory vyZaduje udrzeni srdecniho vydeje, ktery je narokovan systémovym obéhem,
a to bez vysokych metabolickych narok nebo narokd na kyslik ze strany myokardu levé komory. V tomto
¢lanku je levéd komora uvazovana jako pumpa a vykonnost je zaloZzena na hodnoceni méfeni jejich tla-
ka, objemu a pratoku. Analyza funkce komory z hlediska vztahd mezi tlakem a objemem umoznuje plné
analyzovat globalni a regionalni dynamiku komory, kterou Ize pomérné snadno a presné ziskat pomoci
vodivostniho katétru. Maximalni zména tlaku za jednotku ¢asu v levé komore je povazovana za ukazatel
kontraktility levé komory, za jistych situaci mdZe byt alternativou arterialni dP/dt__ jakoZto méné invazivni
metoda. Pfi hodnoceni novych kardiostimulacnich technik a srdecni resynchronizacni terapie se jako nej-
praktictéjsi metoda jevi invazivni systolicky krevni tlak s primérovanim vice tepd a doplnénim o nékolikrat
opakované stiidani stimulaci.

© 2024, CKS.

ABSTRACT

Effective performance of the left ventricle requires the maintenance of a cardiac output as demanded by the
systemic circulation without a high hemodynamic cost or pressure and without a high metabolic cost or oxy-
gen demand by the left ventricular myocardium. In this article the left ventricle is considered as a pump and
performance is based on evaluation of measurements of its pressure, volumes, and flow. Analysis of ventri-
cular function in terms of pressure-volume relationships allows global and regional ventricular dynamics to
be fully analyzed and relatively easily and precisely obtained with conductance catheter. The maximum rate
of left ventricular pressure is classically considered as a marker of left ventricular contractility and in specific
situation arterial dP/dt__, as minimally invasive method, can be an alternative. When assessing new pacing
techniques and cardiac resynchronization therapy, invasive systolic blood pressure appears to be the most
practical measure with multi-beat averaging and the addition of multiple spaced repeated alternations.

Introduction

mitral annular systolic velocity. Left ventricular ejection
fraction (LVEF) is still the most widely used parameter to

The main function of the left ventricle (LV) is to pump
oxygenated blood from the lungs into the aorta for dis-
tribution to the rest of the body through systemic circula-
tion. The LV function is believed to be optimized through
thousands of years of evolution because the survival of
the biological system depends on the efficient transport
of blood."?

Usually, in cardiology, the term ventricular function
means parameters such as ejection fraction, long-axis
shortening, myocardial systolic strain or strain rate, and

evaluate overall left ventricular systolic function, but it
has fundamental limitations for assessment of subclini-
cal dysfunction and regional function. Hemodynamic
parameters, like blood pressure, cardiac output (CO), left
or right ventricular stroke volume (SV), ventricular stroke
work (VSW) are used by physicians and scientists in or-
der to evaluate cardiac function more accurately and at
a given time."?

Effective performance of the left ventricle requires
the maintenance of a cardiac output as demanded by
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the systemic circulation without a high hemodynamic
cost or pressure and without a high metabolic cost or
oxygen demand by the left ventricular myocardium.*

In the recent years, new pacing modalities as His bun-
dle (HBP), left bundle (LBBP), and left septal myocardial
pacing entered clinical practise to treat patients with bra-
dycardia and heart failure. They appear to be associated
with a more physiological ventricular activation, and pos-
sibly a better clinical outcome of patients.> Until the data
from clinical studies will be available, we need other tools
to assess their effect on the myocardial work effectivity.
Hemodynamic measurements may appear as useful tools
in assessing these methods, because it is a final common
pathway through which cardiac function expresses itself.
But the question remains, which hemodynamic measure-
ments can accomplish this task best? The ideal method
should combine precision, be easy to provide during the
procedure and should allow determining acute changes
in cardiac function.

There are two approaches to evaluation of the me-
chanical performance of the left ventricle. One of these
is to consider the left ventricle as a muscle, the other is
to consider the left ventricle as a pump and to base its
evaluation on measurements of its pressure, volumes,
and flow.*® For the sake of brevity and applicability in
clinical practice, preferably view on the left ventricle as
a pump will be discussed in this review.

Even though our knowledge in measuring efficiency
of the work of the left ventricle and hemodynamics is still
far from complete, many advances have been made and
these are presented.

How can performance of the ventricle
be assessed?

The performance of the ventricle as a pump can be
assessed by measuring the pressure developed by the
ventricle, the stroke volume ejected by the ventricle,
or preferably, the stroke work generated by the ven-
tricle. Stroke work gives credit to the ventricle for both
pressure and shortening work in a single integrated
index.”®

Left ventricular stroke work index

Left ventricular stroke work index (LVSWI) is often cal-
culated in order to describe left ventricular function.
LVSWI incorporates both LV systolic and diastolic func-
tion and dysfunction, respectively. This provides a broa-
der assessment of overall LV function, particularly in
the critical care patient in which preload and afterload
are dynamic.”® The definition of work in classical phys-
ics, force multiplied by distance, is in case of heart func-
tion replaced by pressure multiplied by volume. When
one takes into consideration that the mechanical work
is performed during systole, it seems appropriate to use
left ventricular mean systolic pressure (LVSP) minus left
ventricular end-diastolic pressure (LVEDP) multiplied
by stroke index (Sl). This formula LVSWI = SI x (LVSP
— LVEDP) is being used by cardiologists who can often
measure left ventricular pressure during catheteriza-
tion.®® LVSWI also reflects the increased workload of

the left ventricle in aortic stenosis, when there is a large
pressure difference between the left ventricle and the
aorta during systole.® Another formula, LVSWI = SI x
mean arterial pressure (MAP) minus pulmonary arte-
ry capillary wedge pressure (PCWP), is commonly used
when access to left heart pressure is not possible. A third
possible way to calculate LVSWI is to use peak systo-
lic arterial pressure (SAP) instead of mean systolic.®"
The fact that at least three different formulas to cal-
culate LVSWI are in use simultaneously is not without
problems and could cause misleading results across dif-
ferent studies.

Settergren showed that it is possible to calculate LVSP
from pressure measurements in a peripheral artery with
reasonable accuracy. Values obtained during normo- or
hypertension and from patients with normal or depressed
left ventricular function did not differ.%1?

However, the different ways of calculating LVSWI
mentioned above using SAP, LVSP or MAP are only ap-
proximations. As may be seen, the best approximation of
the pressure-volume area is to use LVSP.22But the correct
estimation is the area of the pressure volume loop of the
left ventricle in a pressure volume diagram.

Evaluating LV function through
pressure-volume relationship
The gold standard for evaluating LV function and effect
of afterload is through the relation of ventricular pressure
and volume."” The relationship between ventricular pres-
sure and ventricular volume could be visualized as a closed
left ventricular pressure-volume loop (LV-PVL), which is
linear correlated to myocardial oxygen consumption and
could quantify whole heartbeat’s stroke work and con-
tractility.’"®

A classic ventricular function curve can be constructed
by plotting coordinates of performance against preload.
When contractility is increased, the stroke work versus
preload relationship is shifted upward. When contractil-
ity is decreased, the stroke work versus preload relation-
ship is shifted downward.’ Such a family of ventricular
function curves credits the ventricle for pressure develop-
ment and ejection, and it incorporates load and contrac-
tility. Thus, stroke work and end-diastolic volume (EDV)
data allow construction of a Frank-Starling ventricular
function curve or a preload recruitable stroke work rela-
tionship.'”.18

Stroke work

Stroke work refers to the work done by the left ventricle
to eject the volume of blood during one cardiac cycle,
called stroke volume (SV)." The stroke work is best depic-
ted using ventricular pressure-volume diagrams, in which
stroke work is the area within the pressure-volume loop
as depicted in Figure 1.

Therefore, the area within the pressure-volume loop
is an example that mathematicians call a normal do-
main, from which the equation for the stroke work fol-
lows:

EDV EDV

VSW = Paiastotic(V)dV (1

Psystolic (V)av — f
ESV
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In equation (1), p,,, (V) denotes the intra-ventricular
pressure during the ejection phase, is the intra-ventricu-
lar pressure during the filling phase. The integral is the
area below the integrand or here the pressure function
p(V). Therefore, the difference is the area within the
loop, which equals the VSW."

A Pressure

Stroke volume

Ejection :
p systolic (V) I

Contraction
Relaxation

pdiastolic (V)
Volume

Filling |

>
>

End-systolic volume End-diastolic volume

Fig. 1 - The pressure-volume loop for the ventricle is generated by
plotting intraventricular pressure against ventricular volume dur-
ing one cardiac cycle.

LV pressure-volume areas are representative of the total
mechanical energy available to the LV to perform external
work. These areas have the components of external work
and potential energy.”® The latter can perform external
work under the appropriate set of LV loading conditions.'®2°

How can be pressure-volume loops measured?

Regional ventricular wall motion could be measured by
sonomicrometry and later by the development of sophis-
ticated data acquisition and analysis based on contrast or
radioisotopic angiography including first-pass angiogra-
phy and biplane cineangiography.'?'2* These methods
have made it possible to obtain instantaneous pressure-
-volume relationships in patients and not only in experi-
mental animals."

But only with the development of conductance cath-
eters, the interest and the scope for experimental and
clinical studies have increased.?* It has been possible, with
very small conductance catheters, to obtain pressure-
-volume loops. These catheters provide a unique method
for acquiring hemodynamic and contractile data directly
from the heart. By inserting a pressure-volume catheter
into the left or right ventricle, it is possible to measure
all load-dependent data for every cardiac cycle from the
moment you complete your instrument until the end of
the experiment.?>%

Moreover, pressure-volume (dimension) loops provide
additional information regarding synchrony or dyssyn-
chrony of contraction, segmental work, contractility, and
diastolic function.?”

Pressure-volume loop measurements
with conductance catheters
A multielectrode catheter that continuously measures in-
stantaneous left ventricular conductance, from which left
ventricular volume can be estimated.?*2® Studies in which
this volume signal was compared with absolute volume in
an isolated beating heart or with cardiac output measured
independently have indicated a strong linear correlation
between them.?**? The catheter requires careful calibra-
tion since the total signal combines left ventricular cavity
conductance with conductance of the ventricular wall and
other structures outside the ventricle. The unique advan-
tage of providing continuous instantaneous volume in-
formation, when combined with left ventricular pressure
micromanometry, enables an easy and rapid determina-
tion of end-systolic pressure-volume relation (ESPVR).2+2°

PV catheters allow us to measure end-diastolic volumes
and end-systolic volumes, and from these, calculate the
stroke volume, ejection fraction, and cardiac output. It is
also possible to calculate parameters such as stroke work,
Tau, dP/dt__, contraction time and relaxation time. All of
which are associated with the contractility.>®

This type of catheter provides two important advan-
tages over non-invasive techniques. First, it generates an
instantaneous signal providing immediate information on
ventricular performance, allowing rapid loading changes
to be used, and enabling examination of quick-response
phenomena. Second, it is essentially free from pure shape
change influences, as have previously demonstrated.?

The ESPVR measured by conductance catheter has
showed a good degree of short-term reproducibility
within a given subject, which has not been a uniform
finding in previous studies.?*? It is believed this relates
to the rapid and reversible load alteration and improved
accuracy of the volume signal.*®

Interaction of the left ventricle

with the systemic arterial system

To fully comprehend the performance of the left ven-
tricle it is necessary to understand the interaction of
the LV with the systemic arterial system.3' End-systolic
elastance (Ees) and arterial elastance (Ea) are parameters
that best characterize LV pump function under varying
loading and inotropic conditions. End-systolic elastance
represents the slope of the end-systolic pressure volume
relationship and arterial elastance is a measure of arte-
rial load and is calculated as the simple ratio of ventri-
cular end-systolic pressure to stroke volume.3'32 Arterial
elastance is also possible to obtain by analysis of the pe-
ripheral arterial curve as the ratio of the pressure at the
dicrotic point to the pulse volume.

How to determine maximal stroke work

and maximal efficiency?

Maximal LV stroke work occurs when the LV elastance and
arterial elastance values are matched.?*3% Maximal effi-
ciency is defined as the ratio of LV stroke work to myocar-
dial oxygen consumption (MVO,) and occurs when end-
-systolic elastance is approximately 2 times greater than
arterial elastance.®®*3” For normal physiologic LV pres-
sures, end-diastolic volumes, stroke volumes, and ejection
fractions to exist, the normal LV would probably operate
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closer to maximal efficiency rather than to maximal stroke
work.3#3¢ Despite linear relationship between oxygen
consumption and pressure volume area, there is a basal
energy requirement and therefore mechanical efficien-
¢y (SW/PVA) cannot be equated to myocardial efficien-
cy (SW/MVO,).8% But there are very strong correlations
between the PVA and myocardial oxygen consumption
for isovolumic (r = 0.973) and for ejecting contractions
(r = 0.989) so that myocardial oxygen consumption may
be calculated from the pressure-volume area.?

Measure of left ventricular contractile state
Ventricular contractility refers to the contractile or ino-
tropic state of the whole ventricle. Indices of ventricular
contractility conventionally have been divided into isovo-
lumic phase indices (peak positive dP/dt), ejection phase
indices (systolic wall stress versus endocardial shortening),
and those determined at the end of ejection (end-systo-
lic elastance).’®* The concept of ventricular contractility
is similar to myocardial contractility, but ventricular con-
tractility is not independent of loading conditions or ven-
tricular remodeling. Peak positive dP/dt may be altered by
an acute change in preload, whereas end-systolic elastan-
ce may be affected by chronic changes in LV volume and
mass.*'*2 Myocardial contractility refers to a basic property
of heart muscle that reflects the intensity of cross-bridge
activity and as a result, the extent and velocity of force
development and fiber shortening. The contractile state
of the myocardium represents a basic characteristic that is
independent of loading conditions and remodeling. Such
measurements can be made only in vitro in isolated cardiac
muscle cells, muscle strips, or Langendorff-perfused hearts,
but attempts to assess myocardial contractility in humans
in vivo present a continuing challenge. This is the reason
why ventricular contractility is superior to myocardial con-
tractility in evaluation in cardiac function.**

Left ventricular contractility influences global hemody-
namic status directly. Therefore, it is an important ele-
ment of the hemodynamic evaluation of the critically ill
patients.* Impaired LV contractility is frequently seen in
patients with acute coronary syndrome and sepsis.*” Al-
though LV end-systolic elastance is the reference method
for assessing LV contractility, its bedside use is limited by
its invasiveness and the technical difficulties associated
with its estimation.?'* The maximum rate of LV pressure
during isovolumetric contraction (LV dP/dt__) has been
classically considered as a marker of LV inotropic state.*

However, as LV dP/dt__ requires a direct measure of LV
pressure, other approaches have been proposed using the
arterial pressure waveform. Peripheral dP/dt__, as mea-
sured from catheters inserted into the femoral or radial
arteries, have been suggested as feasible surrogates for
LV dpP/dt__ . However, as the arterial pressure results from
the combined interaction of the LV ejection and the arte-
rial system properties, other potential factors could also
contribute to the peripheral dP/dt__, possibly degrading
its accuracy as a measure of LV contractile state.>®>!

Assessing left ventricle contractility

through arterial blood pressure

Arterial dP/dt__ can be calculated from the arterial pres-
sure waveform, obtained invasively from a peripheral ar-

terial line.>"*3 It is available bedside and in patients with
an arterial line already used for pressure monitoring and
blood gas analyses and it does not require any additional
invasive access. Moreover, arterial dP/dt__ can be mea-
sured on a beat-by-beat basis and continually monitored.
On the other hand, arterial dP/dt__ is not only deter-
mined by LV contraction but is also influenced by various
peripheral arterial factors and load conditions.>*-3

Recently, several experimental studies demonstrating
a significant relationship between arterial dP/dt__ and
LV contractility have been published.>’**The values from
continual arterial dP/dt _ monitoring were significantly
correlated with LV dP/dt__ assessed. Linear regression re-
vealed that LV dP/dt__ = 1.25 x arterial dP/dt__ . Also, ar-
terial dP/dt__ was significantly correlated with CO. Moni-
toring LV contractility is most desirable in patients with
heart failure with critical hemodynamic collapse, such as
in cardiogenic shock, characterized by increased SVR and
decreased CO and SV.>*Several authors reported that the
arterial dP/dt__ is significantly influenced by vascular fill-
ing conditions and is a relatively accurate method for ob-
taining left ventricular contractility only when adequate
vascular filling is achieved.>*¢In contrast, in the subgroup
of patients with lower SVR, higher CO, and higher SV,
arterial dP/dt__ doesn’t give accurate and reliable infor-
mation about LV dP/dt__ >

Efficiency of the heart performance

during different pacing settings: the precise
measurement of the acute hemodynamic
response

In recent years the delivery of pacing therapy has become
more sophisticated, and the indications have expanded.
But the fundamental aim has remained the same, to im-
prove cardiac function by normalizing cardiac electrical
activation in patients with conduction system disease.*’

Throughout the history of developing pacing therapy,
hemodynamic assessment has provided a useful tool in
guiding the development of new pacing approaches.
Hemodynamic measurements allow determining acute
changes in cardiac function and their quantification. He-
modynamic measurements can also guide optimal pro-
gramming of pacemakers because it is a final common
pathway through which cardiac function expresses it-
self.>7:58

Importance of precise hemodynamic measurement is
that typical augmentation of systolic blood pressure with
biventricular pacing in left bundle branch block is ap-
proximately 6 mmHg and is associated with approximate-
ly 20% mortality reduction.® The measurement protocol
for a potential advance on CRT should be able to detect
an increment about half this size (3 mmHg), since it might
provide a corresponding approximately 10% mortality re-
duction. This means the 95% confidence interval must be
<+3 mmHg.%°

Signal versus noise and reproducibility

Hemodynamic parameters fluctuate in response to nu-
merous biological phenomena, including respiration and
other autonomic phenomena. There are many processes
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that are continuous and variable. All together they make
the identification of the hemodynamic consequences of
a change in pacing configuration more challenging. It is
almost impossible to measure and subtract the contribu-
tions of these background biological phenomena on he-
modynamics that is why they are treated as noise.®!

The signal is the element that is consistent in every in-
stance and the noise varies between repeated measure-
ments. When an average of multiple measurements of ef-
fect is taken, the impact of noise shrinks with the square
root of the number of repeat measurements consistently.
Signal-to-noise ratio is an important feature of any mea-
sure. It is a simple way to characterize the efficiency of
measurement. One simple definition of the signal-to-
-noise ratio is the range of values obtained for different
pacing settings, divided by the standard error of the mea-
surements at each pacing setting. By prolonging the opti-
mization session, signal-to-noise ratio can be improved.®?

The second question that needs to be assessed is the
degree of similarity of the optimal pacing configuration
determined by the different hemodynamic measures. If
the measures produce dramatically different optimum,
then the use of hemodynamics for optimization is cast
into doubt.t062

The third important characteristic of a measure put for-
ward for use in optimization is reproducibility over time. If
there is a large change in measured optimum, then either
the physiological optimum is changing or the measuring
method does not have sufficient reproducibility.®°¢?

Which hemodynamic parameter to use in pacing
optimization: Invasive blood pressure,
non-invasive beat-to-beat blood pressure

orLV dP/dt__?

Shun-Shin et al. have compared invasive systolic blood
pressure, non-invasive systolic blood pressure and in-
vasive LV dP/dt__. They have found out that there was
a strong correlation between assessment by invasive and
non-invasive systolic blood pressure and a weaker corre-
lation between LV dP/dt__ and invasive systolic blood
pressure. For all three hemodynamic measures, the
noise, quantified as percentage error in the quantifica-
tions of response, declined progressively as more alter-

Transition 1

Reference setting

Blood pressure

Tested pacing configuration

nations were analyzed. Invasive blood pressure showed
asmallersuchnoisethannon-invasivebloodpressureandLV
dP/dt__ . Their results showed that invasive blood pressure
is the best parameter which follows during implantation
or optimalization procedure. LV dP/dt__ is not sufficient
to guarantee precise optimization because of the wor-
st reproducibility, and even with the replicate measure-
ments the level of uncertainty is wide, but the accuracy
improves with each repetition.>60.63

What should the precise hemodynamic protocol
look like for measuring acute hemodynamic
response during various pacing types?

Clinicians and researchers designing protocols for opti-
mization of pacing should start with their desired level
of precision and then use standard methods to ensure
that their protocols deliver it.*> Many widely used opti-
mization protocols, even if conducted carefully, cannot
deliver reproducible optimum. The driver of reproduci-
bility of the optimum is the signal-to-noise ratio, namely
the size of the changes caused by alterations in tested
setting in relation to the size of the changes occurring
spontaneously. Even performing invasive, intraventricu-
lar measurements does not grant immunity to biological
noise, which is important to recognize in the design of
optimization protocols.5263

Measure values relative to a reference setting

There are multiple biological intercurrent processes hap-
pening during pause between 2 hemodynamic measure-
ments that will be displacing the blood pressure up and
down. With longer time interval, the greater the vari-
ance between the first and second measurement appears.
The solution of this problem is to only measure changes
over a few seconds or minutes. To allow a wide range of
settings to be tested, one can test each setting against
a reference setting that is common to all.®?

Detecting the hemodynamic changes occurring at the
time of transition between one tested setting and anoth-
er is a useful approach if a rapid and reproducible process
is sought, depicted on Figure 2. The reason for this is that
these beats have the smallest opportunity for drift noise
to develop between them.®0.62

Transition 2

Reference setting

Fig. 2 - Hemodynamic protocol with reference and tested pacing configuration.
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Miyazawa et al. have found that to maximize the ef-
ficiency of the optimization procedure, it is best to ad-
dress the beats immediately before and immediately af-
ter the change in tested setting, not to skip any beats.
They believe this is because the hemodynamic effect of
(in their case) changing AV delay occurs immediately,
whereas there is a more gradual homeostatic process
of adaptation of peripheral tone that occurs when the
initial change in hemodynamics is detected by cardiovas-
cular reflexes. More efficient cardiac function would be
expected to result in reflex reductions in vasoconstrictor
tone, which would tend to reduce the measured increase
in pressure. The fact that the blood pressure does not re-
main elevated should therefore not be considered to in-
dicate a short-lasting physiological improvement.®%&3

What is the most efficient number

of beats to average?

Fixed averaging window of six beats provides the best op-
timization efficiency, it provides a robust averaging win-
dow duration that can be used for a wide range of dif-
ferent patients and is easy to use. For greatest efficiency,
the ideal window width appears to be directly related to
the number of beats occurring within a one respiratory
cycle (beats-per-breath). The reason for six beats being
the most efficient fixed window width is that this value
is close to the average number of beats-per-breath for
the whole group of patients they tested.®®®? It is possible
to further improve the optimization efficiency by tailor-
ing the width of the averaging window to match the du-
ration of one whole respiratory cycle. They believe the
reason for this is that changes in blood pressure induced
by respiration are the single largest source of noise wi-
thin the signal. Alternatively, the effect of respiratory
noise could be reduced by asking the patient to hold their
breath or breathe at a fixed respiratory rate, at the time
of the transition. However, both requests are difficult
for the patient to comply with, particularly patients who
have heart failure.®%63

Perform repeated measurements

and multi-beat averaging

A key step to avoid false positive detection of differences
is the addition of multiple spaced repeated alternations
to the hemodynamic protocol, even when the protocol
includes multi-beat averaging.

Averaging of independent repetitions of the same
measurement is the single most effective method of in-
creasing precision. The number of repetitions required
for any desired degree of precision can be calculated.®
Experiments showed the dramatic decline in measure-
ment imprecision with increasing numbers of replicates.®
For example, using 8 replicates with 8 beats per replicate
eliminates 90 % of the variance seen with a single beat.®

Pacing heart rate importance

Pacing should be at 100 bpm rather than just above rest-
ing rate. The authors state three reasons for it. Firstly, to
standardize the results between patients, so a rate higher
than typical intrinsic rates should be used. Secondly, using
a rate of 100 bpm as compared to 60 bpm, reduces the
time taken by 40%. At higher heart rates, the magnitude

of changes is larger, increasing the signal-to-noise ratio.
Nevertheless, it must be recognized that the magnitudes
of differences observed at this elevated heart rate are li-
kely to be larger than those in day-to-day life. The reason
to choose this artificially magnified response is solely to
make it easier to discern differences between configura-
tions during a realistic protocol duration. As well, selecting
a heart rate significantly above the intrinsic rate ensures
that changes in the intrinsic heart rate would not cause
breakthrough and require that the protocol is repeated.®

Conclusion

In conclusion, there is no single invasive method that is
suitable in all situations and procedures with respect to
the patient’s health status to assess the efficiency of the
left ventricular function. Analysis of ventricular function
in terms of pressure-volume relationships allows global
and regional ventricular dynamics to be fully analyzed. In
addition, this approach allows the relationships between
muscle function (contractility, stiffness, potential energy)
and pump function (stroke volume, stroke work) to be
determined and predicted. Acquisition of pressure vo-
lume loops is precise and relatively easily obtained with
conductance catheter inserted in the left ventricle.

Left ventricular end-systolic elastance is the reference
method for assessing left ventricular contractility, its bed-
side use is limited by its invasiveness and the technical
difficulties associated with its estimation. Instead of this
method the maximum rate of left ventricular pressure
is classically considered as a marker of left ventricular
inotropic state — contractility. In recent years a new ap-
proach in assessing of contractility was examined. Arterial
dP/dt__ is a minimally invasive method assessed from
femoral or radial artery with fluid-filled pressure catheter
and is a relatively accurate method for obtaining left ven-
tricular contractility in patients with hemodynamic col-
lapse and when adequate vascular filling is achieved.

Acute hemodynamic measurements have the poten-
tial to be a useful and precise tool for assessing whether
a new pacing intervention improves acute cardiac func-
tion and what the magnitude of the improvement is.
Testing of different pacing configurations requires pre-
cise measurements because of natural biological variabil-
ity. Systolic blood pressure appears to be the most suit-
able measure and also shows advantages over the gold
standard of left ventricular dP/dt__ in reproducibility and
in signal-to-noise ratio. Multi-beat averaging and the ad-
dition of multiple spaced repeated alternations to the he-
modynamic protocol is a key step to avoid false positive
detection of differences. The most efficient way is to use
an averaging window of one respiratory cycle, and not to
skip any beats between the pretransition and posttransi-
tion averaging windows.

There is no direct comparison in the available litera-
ture of invasively assessed arterial systolic blood pres-
sure and intra-ventricular systolic pressure using the
precise hemodynamic protocol, so it needs to be still
discovered, whether both provide the same accuracy
and are both suitable for assessment of acute hemody-
namic response.
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