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Abstract— Left ventricular assist devices (LVADs) are in-
creasingly used as a mechanical circulatory support in heart
failure patients. The diagnostic of cardiac contractility is im-
portant to monitor the state of heart failure in the course of
reverse remodeling and right heart protection during LVADs.
Several cardiac contractility indices were developed to deter-
mine contractility using left ventricular pressure (LVP) and/or
left ventricular volume (LVYV). Most of them are required an
invasive measurement that is not suitable for frequently moni-
toring in long-term support. The new indices that can derive
from non-invasive measurement had been proposed by using
ultrasound measurement and pump flow. The benefits and
limitations of cardiac contractility indices during LVAD sup-
port were discussed.
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1. INTRODUCTION

The clinical treatment of end-stage of heart failure pa-
tients is the left ventricular assist devices (LVADs) that
mainly used the technology of rotary blood pumps (RBPs).
These devices are mainly used as a bridge —to-
transplantation (BTT), destination therapy (DT) and bridge-
to-recovery (BTR). For all three applications of RBPs, car-
diac contractility indices are used to monitor the state of
heart failure and to diagnose the cardiac function in heart
failure patients. In additional, the cardiac contractility index
is used for right heart protection in RBP patients [1,2]. For
the therapeutic approach of BTR [3-7], cardiac contractility
must be assesses frequently. A useful cardiac contractility
index must be sensitive to changes in contractility (muscular
properties of the myocardium), insensitive to the changes in
ventricular preload and after-load and be easy to use for
assessment in a clinical environment.

11. CARDIAC CONTRACTILITY INDICES

In the past, all established cardiac contractility indices
were investigated within the unassisted heart (normal heart,
failure heart and pharmacological treated heart). Several
cardiac contractility indices were developed to determine
contractility using left ventricular pressure (LVP) and/or left
ventricular volume (LVV). Some indices were derived from

LVP alone such as end-diastolic LVP (EDP), the maximal
derivative of LVP (dP/dt,,,) and the maximal derivative of
LVP divided by the instantaneous developed isovolumic
pressure (dP/dt,.x /IP). Some indices were derived from
LVV alone such as end-diastolic LVV (EDV), the stroke
volume (SV) and the ejection fraction (EF). Additionally,
indices were derived based on pressure-volume analysis
such as the end-systolic pressure volume relationship
(ESPVR), the external work (EW), the maximal derivative
of LVP vs. end-diastolic volume relationship (dP/dt,.x vs.
EDV) and the stroke work vs. end-diastolic volume rela-
tionship (preload-recuitable stroke work: PRSW). However,
the determination of cardiac contractility with these indices
is difficult to apply to RBP patients. The alternative indices
were derived from pump information such as the pump
flow.

A. Pressure derived cardiac contractility indices

Pressure derived cardiac contractility indices have been
proposed using the dP/dt,,,, alone or the dP/dt,,,, divided by
some ratio of LVP to prevent the effect of preload. The
dP/dt.x alone has been reported to be preload-dependent.
To correct the preload dependency of dP/dt,.x, the norma-
lized value has been used. dP/dt, (a preload dependent
index) divided by another preload dependent parameter can
reduce the effect of preload. The dP/dt,., divided by an
instantaneous developed isovolumic pressure (dP/dty,,/IP)
and the dP/dt,, divided by a peak isovolumic pressure
(dP/dt,,,,/PIP) have been reported to be a slightly load de-
pendent index [8-10]. IP is the LVP at the time of dP/dt;,.x
minus the LV-EDP. PIP is the aortic pressure at the time of
EDV. However, both dP/dt.,/IP and dP/dt,, /PIP were
investigated using the unassisted heart.

McConnell et al[11] proposed the LV triple-product
(TP = LVSP-dP/dt-HR) vs. LV EDP relationship (TP vs.
EDP; mmHg-bpm-s™), which is the slope of the relationship,
to estimate the changes in cardiac contractility during RBP
support. The slope and intercept (dy) of the TP vs. EDP
relationship are estimated by least squares linear regression
using a dataset of LVP including speed variation. However,
an outline clustering of points was observed at the highest
EDP. Below the flex point, TP vs. EDP showed the linear
relationship and was independent to changes of afterload.
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The cause of this outline clustering of points remains un-
clear.

Naiyanetr et al. proposed the slope of the relationship
(Ipp) between the dP/dt,, and the instantaneous LVP at
dP/dt.x (dP/dty.x vs. IP) including a speed variation as a
potential pressure-derived cardiac contractility index [12].
The slope of the relationship (Ipp) between dP/dt,,, and IP
was sensitive to contractility changes similar to other load
independent contractility indices. I, is estimated by least
squares linear regression (generate the slope and intercept
(po)) using a dataset of LVP including speed variation

Additionally, pressure derived indices require the inva-
sive measurement of LVP and a high quality of LVP signal
is needed for an index determination (in case of the time
derivative calculation). Therefore, pressure derived cardiac
contractility indices are not practical parameters for conti-
nuous monitoring of cardiac contractility in clinical patients.

B. Volume derived cardiac contractility indices

Contractility indices which are derived from the LVV
such as ejection fraction (EF) and fractional shortening (FS)
shown the load dependent that depend on after-load (EF and
FS would become zero at infinite afterload) [13]. This is
confirmed by increasing the after-load in an animal experi-
ment significantly affected EF [14]. According to the analy-
sis of LVV and myocardial volume, Zhong et al. proposed a
maximum rate of change of pressure-normalized stress
(do*/dtn.x) by analysis of the myocardial chamber as a
thick-walled sphere using ultrasound measurement (non-
invasive index) in normal patients (without LVAD) [15].
However, Black et al. could show that the do*/dt,,,, is load
dependent in the canine heart when preload is altered by an
occlusion of the vena cava [16].

The LVV can be frequently measured by non-invasive
methods using the ultrasound or the cardiac magnetic reson-
ance imaging (cardiac MRI). However, during continuous
left ventricular unloading by RBPs, the volume compo-
nents, such as ESV, and EDV, are subjected to changes
depending on the RBP drainage site (atrium or ventricle)
and the support ratio [17]. Therefore, volume derived indic-
es are not suitable in RBP recipients.

C. Pressure-volume derived cardiac contractility indices

Pressure—volume derived contractility indices, such as
the dP/dt,.« vs. EDV relationship, the preload-recruitable
stroke work (PRSW: stroke work vs. EDV) and, the max-
imal elastance (E,) or the slope of the end-systolic pres-
sure-volume relationship (ESPVR) have been accepted as
load-independent indices and used in many studies of con-
tractility measurement [14,18,19]. According to other stu-
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dies, both dP/dt,,, vs. EDV and PRSW often display greater
sensitivity to changes in cardiac contractility than E,,[10].

The dP/dt. vs. EDV index is the slope of dP/dt,.x vs.
EDV relationship. The dP/dt,.x vs. EDV relationship was
found to be linear during load variation. The slope of
dP/dt,. vs. EDV was increased in response to dobutamine
intervention (increased contractility) similar to the increased
slope of ESPVR. Note that the extrapolated volume-axis
intercepts of dP/dt,.x vs. EDV increased with dobuta-
mine[20]. At an isovolumic contraction (constant left ven-
tricular volume, LVV ), the dP/dt,.x vs. EDV index can
be stated in the term of the left ventricular elastance
(E(t)=LVP(t)/(LVV(t)-Vy)) as a maximal derivative of elas-
tance (dE/dtya—= dP/dtmax/(LVV ons-Vo))[19]. Furthermore,
the dP/dt,.x vs. EDV index was reported to be most sensi-
tive for changes in contractility and slightly dependent on
preload and afterload (aortic pressure)[20-21]. Using the
dP/dt. vs. EDV index, we should be aware that the deter-
mination of time-derivative of LVP and the volume estima-
tion are also sensitive to noise caused by sensor artifacts.

The PRSW is the slope of the relationship between
stroke work (SW) and EDV. SW is the area inside the pres-
sure-volume loop. The value of PRSW and intercept (co) are
estimated by using the small load variation. A linear rela-
tionship between SW and EDV would support the convic-
tion of the Starling mechanism about the length-dependent
phenomenon that reflects a basic property of cardiac muscle
at the cellular level [18]. In the study of Little WC et al
[20], the SW vs. EDV relationship was found to be linear
during load variation. The slope of SW vs. EDV relation-
ship was increased in a similar manner to the slope of
ESPVR after the dobutamine intervention (increased con-
tractility). The extrapolated volume-axis intercepts of the
PRSW only marginally changed. Moreover, PRSW was
reported as a robust parameter against changes in preload
and afterload in the unassisted heart[10,20,21]; however, its
sensitivity to changes in contractility was rather small in
comparison with other indices.

The E..x is the slope of the end-systolic pressure-
volume relationship (ESPVR) that is determined by least
squares linear regression using several cardiac cycles during
load variation (Assume to be linear relationship). However,
the identification of the ESV, which is essential, is becom-
ing ambiguous for the determination of E,,, during RBP
support. In a animal study of McConnell PI, Sun BC[22],
the slope of ESPVR was determined from both an inferior
vena cava (IVC) occlusion with the LVAD at 6,000 rpm
(lowest support) and also when the LVAD was operated at
6,000 to 11,000 rpm to induce LV unloading [22]. E.x
determination showed different values between IVC occlu-
sion with minimal support and LV unloading until full sup-
port. The different values of E,,x must relate to the nonli-
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near curve of ESPVR during a wide volume range of the
left ventricle. A similar nonlinear relation was observed in
another in vivo study by van der Velde et al.[23] Addition-
ally, over a wide range of left ventricular volumes, ESPVR
appeared to become nonlinear curve which increases the
complexity of E,, estimation.[23] This nonlinear relation-
ship has been demonstrated both in animal and clinical
studies[17,22,24,25]. Thus, the original theory of the linear
line of ESPVR (E...x) is not always obtainable in all ani-
mals. For example, E,.x fails to provide a sufficiently robust
model to account for changes in pressure and volume in the
mouse ventricle [26].

Vandenberghe et al.[25] concluded that the original
time-varying elastance theory insufficiently modeled the
complex hemodynamic behavior of the left ventricle during
assisted device support because V, depended on the pump
flow level (as shown in the animal experiments using a
displacement-type pump and a rotary blood pump). There-
fore, E..x might not be a suitable index for RBP support.

D. Pump flow derived indices

Pump flow derived indices have been proposed for
monitoring the cardiac contractility in rotary blood pump
recipients because the necessary pump information is usual-
ly available in all pumps.

According to the studies of RBPs, the contraction of the
native heart affects the patterns of pump flow, pump current
and pump power. In the previous studies of cardiac contrac-
tility in RBP recipients [27,28], the pump-flow pulsatility
(Qp2p: peak-to-peak of pump flow), the pump-flow pulsatili-
ty index (Qpyp divided by mean flow), and the maximal
derivative of pump-flow (dQ/dt,,,) were proposed to de-
termine the cardiac contractility because pump flow was
available, either measured or estimated.

Similar to the pulsatility of the arterial flow, the pump
flow pulsatility and the pump flow pulsatility index depend
on the pump speed. dQ/dt.x is also a speed dependent pa-
rameter. Moreover, dQ/dt,,, seems to closely reflect the
classical cardiac contractility index (dP/dt,..) because
dQ/dt,.« had an excellent correlation with the dP/dt,,,, dur-
ing RBP support in animal experiments[29]. Similarly, the
pattern of dQ/dt showed a strong correlation with the pat-
tern of dP/dt during RBP support [27]. Naiyanetr ef al. pro-
posed the slope of the relationship between dQ/dt,., and-
peak-to-peck of pump flow (dQ/dty.x vs.Qpop: Ig) that was
sensitive to change of cardiac contractility as shown in the
animal experiment [29].

Discussion

All clinically established cardiac contractility indices
remain rather theoretical or problematical for the assessment
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in RBP recipients because, first, the methods require inva-
sive assessment and, second, there are large variations in
ventricular preload and after-load due to changes in pump
speed. Moreover, it becomes difficult to accurately define
the EDV during continuous unloading as both ESV and
EDV depend on the level of the pump support.

During clinical treatment, massive pump control inter-
ventions, such as off-pump or speed reduction, have been
proposed for the evaluation of cardiac contractility, with
both pulsatile and continuous devices. In clinical applica-
tions, echocardiography is the first choice to assess the
cardiac contractility [2]. The Harefield group and the Berlin
group proposed such protocols to assess the chance for
pump weaning by using EF or walking a distance in 6 mi-
nutes after off-pump [30-31]. For pulsatile devices, the
condition of the unassisted heart can be achieved by switch-
ing off the pump or reducing the pump frequency (contrac-
tions per minute) for a limited period of time - yet with a
considerable risk of thrombus formation. For continuous-
flow devices, a simple pump stop would generate a condi-
tion with additional load to the LV of the patient (back
flow) [32]. The Berlin group proposed a speed reduction
down to a zero net flow for the assessment protocol, which,
however, would still mean additional load to the heart dur-
ing back flow[32].

In general, ultrasound evaluation can only be performed
infrequently, so the detailed time course of contractility in
clinical practice would remain unknown. With present diag-
nostic and therapeutic, the probability of finding the right
time for pump weaning is relatively low [1,33]. On the other
hand, invasive methods are only practicable during a short
post-operative period and eventually for a final decision
about weaning.

Unfortunately so far all known load independent indices
need an invasive measurement that is hardly possible in
RBP recipients. Therefore, the novel cardiac contractility
index that is derived from available signals, such as the
pump flow, should be a practical tool to determine cardiac
improvement during reverse remodeling in both the clinical
and the ambulatory setting.
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