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hysteretic interaction can predict left ventricular
end diastolic pressure
Brian Y. Chang,1 Steven P. Keller,1,2* Sonya S. Bhavsar,3 Noam Josephy,1,3 Elazer R. Edelman1,4

Copyright © 2018
The Authors, some
rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim
to original U.S.
Government Works

INTRODUCTION

Cardiogenic shock is a critical disorder that results from inadequate
end-organ perfusion after cardiac dysfunction, which manifests with severe morbidity from multiorgan system failure and mortality as high as
40% (1–3). Medical therapy for cardiogenic shock, including attempted
stimulation of cardiac contractility and optimization of preload and
afterload, is frequently insufficient (4, 5). This has motivated the use
of advanced mechanical circulatory support (MCS), such as ventricular
assist devices, to enhance tissue perfusion, restore systemic homeostasis,
and promote cardiac recovery (6–11).
Clinicians are challenged with determining when to initiate, maintain, wean, or advance MCS. Pulmonary artery catheters have been the
traditional diagnostic tool for assessing cardiac function through the
measurement of right-sided cardiac pressures, pulmonary artery oxygen
tension, the thermodilution-based estimation of cardiac output, and
inferred left ventricular end diastolic pressure (LVEDP) from pulmonary capillary wedge pressure (PCWP) (12, 13). LVEDP, the pressure
in the left ventricle at the end of ventricular filling and immediately before
ventricular contraction, is elevated in cases of acute and chronic left ventricular failure, making it a useful measurement to monitor the changing
clinical state of a patient (14, 15). However, the information derived from
pulmonary artery catheters, including PCWP measurements for
LVEDP, is fraught with limitations, and increased awareness of these
shortcomings has dramatically reduced use of these catheters (16).
Percutaneous ventricular assist devices (pVADs) positioned within
the left ventricle offer not only circulatory support but also the potential
of continuous direct measure of left ventricular dynamics—obviating
the need for inferential measures of cardiac function. We investigated
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the possibility of measuring cardiac state through tracking of electromechanical controller values of an indwelling transvalvular, axial flow
ventricular assist device (Impella CP). This device maintains a constant
motor speed by varying motor current in response to the real-time
changes in pressures in the aorta and left ventricle. We proposed using
the relationship between motor current (a measure of load on the device) and pressure head (the difference between the aortic and left ventricular pressure, as defined as the pressure gradient across the pump) to
derive information about the evolving physiologic state of the supported
heart and imposed vascular loads. Any indwelling mechanical pump
has a nominal load during steady-state operation for a given pressure
head. Variable external conditions from a pulsatile heart can impose
variations from the nominal load that introduce hysteresis. To maintain
a fixed operating state, the pump compensates for variations by modulating motor current. Reliable measurement of motor current and aortic
pressure can then provide continuous, real-time, and precise determination of a hysteresis-derived left ventricular pressure. We verified this approach in a mock circulatory loop (MCL) under simulated physiological
conditions and validated the potential to provide a continuous measure
of cardiac function under a variable cardiac load challenge in a porcine
model. Finally, we demonstrate clinical applicability by directly comparing our hysteresis-derived LVEDP with PCWP measurements from a
patient in cardiogenic shock on mechanical support.
RESULTS

Device characterization
The Impella (Abiomed), a catheter-based ventricular assist device inserted into the left ventricle across the aortic valve (Fig. 1A) to support
heart function by pulling blood from the left ventricle into the aorta,
served as our paradigmatic device. The system also contains an external
controller console (Fig. 1B) that provides power, sets pump speed, and
displays and records aortic pressure and motor current (Fig. 1C).
Pump performance curves are the traditional means of characterizing the behavior of all mechanical pumps, including those that
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The full potential of mechanical circulatory systems in the treatment of cardiogenic shock is impeded by the
lack of accurate measures of cardiac function to guide clinicians in determining when to initiate and how to
optimally titrate support. The left ventricular end diastolic pressure (LVEDP) is an established metric of cardiac
function that refers to the pressure in the left ventricle at the end of ventricular filling and immediately before
ventricular contraction. In clinical practice, LVEDP is typically only inferred from, and poorly correlates with, the
pulmonary capillary wedge pressure (PCWP). We leveraged the position of an indwelling percutaneous ventricular assist device and advanced data analysis methods to obtain LVEDP from the hysteretic operating metrics of
the device. We validated our hysteresis-derived LVEDP measurement using mock flow loops, an animal model
of cardiac dysfunction, and data from a patient in cardiogenic shock to show greater measurement precision
and correlation with actual pressures than traditional inferences via PCWP. Delineation of the nonlinear relationship between device and heart adds insight into the interaction between ventricular support devices and
the native heart, paving the way for continuous assessment of underlying cardiac state, metrics of cardiac
function, potential closed-loop automated control, and rational design of future innovations in mechanical circulatory support systems.
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are the basis of pVADs used for temporary MCS, such as the Impella
(17–19). These curves depict the power required to generate a given
static flow rate and pressure head (the pressure gradient across the
pump). Performance curves are specific to an individual pump and
are empirically determined by operating a pump at a set rotational
speed [revolutions per minute (rpm)] and then varying the static pressure head while measuring the corresponding flow rate through the
pump. The pump performance curve is used with the system curve,
which relates the pressure head and flow characteristics of the static
physical environment the mechanical pump operates in. The intersection of the two curves indicates the pump’s operating point for a specific set of conditions. We used a modified representation of pump
performance by showing pressure head as a function of the pump’s mo-

tor current draw. The motor current acts as a surrogate for the power
or load on the pump and is readily available from the Impella console.
In general, the load and power requirement of the pump at a given
rpm is defined by the fluid motor torque, t. Torque is classically defined
as the product of the pressure head, H, and volumetric displacement per
revolution, d.
t ¼ H *d
The pump electrical power requirement (Pelectrical) is, in turn, a product of the voltage (V) and current (I), and is related to the pump torque
(t), rotational speed (w), and combined electrical and mechanical efficiency (h).
Pelectrical ¼ V * I ¼
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With a known and relatively constant motor speed and efficiency,
the fluid motor torque can be determined from the electrical power of
the pump. Although the relationship between power and motor current
varies between pump designs, motor current is an operationally
measured value for most pumps, including the Impella.
For the Impella, motor current is directly related to torque and therefore to load on the pump, here the flow rate and pressure head defined
as the difference between the aortic and left ventricular pressure. Pressure head and flow are variable across the cardiac cycle with the presence of ventricular function. In this setting, the pulsatile environment
causes the pump to alternate between two operating points: steady-state
ventricular filling and ventricular ejection. The motor current required
to generate a specific rpm is therefore dependent on dynamically
changing conditions that are not present in traditional static representation of pump performance. This dynamic environment results in hysteresis, a phenomenon that occurs when system outputs are dependent
on present and previous inputs (20), between motor current and pressure head. The resulting motor current–pressure head hysteresis loop is
therefore a complete representation of the mechanical pump performance because it integrates the effects of blood flow and pressure changes
from cardiac contractions with the operating properties of the pump.
Leveraging this hysteretic relationship provides the precision and
premise of this work. For the Impella, variations in the load conditions
arise from the dynamics of left ventricular contraction. Rather than being perceived as noise to be filtered, the motor current representing
these dynamic load conditions can be used to provide insight into the
underlying cardiac state. Although it had been suggested that pVAD
motor current might shed light on the underlying physiologic state of
the heart (21–26), the Impella allowed us to achieve such insight by harnessing cardiac hysteresis to align motor current variability over the cardiac cycle with cardiac function.
Mock circulatory loop
Hysteresis-derived measurement of chamber pressure using the
Impella as an intraventricular MCS device was initially evaluated in
an MCL (Fig. 1D). Pressures in the simulated left ventricle (chamber 1)
were measured as a function of time through a single simulated cardiac
contraction at different preload conditions represented by distinct
LVEDP values with the same isovolumetric contraction and left ventricular ejection patterns (Fig. 2A). These varying preload states were
evident in the corresponding motor current hysteresis loop, with the
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Fig. 1. Schematic of Impella placement and operation and the hybrid MCL
used for initial device characterization. (A) The Impella, a catheter-mounted
percutaneous mechanical support device that is inserted transvalvularly into
the left ventricle, pulls flow from the left ventricle, across the aortic valve, and
into the aorta using a mixed flow impeller. (B) External Impella console used to
control the Impella device and record operational data, which is displayed with
(C) an aortic pressure (red) and motor current (green). (D) In the MCL, the Impella
is mounted between actuated pressure chambers to simulate the left ventricle
(chamber 1) and aorta (chamber 2). A temperature-controlled blood-mimicking
solution is circulated counterclockwise via gear pumps through the system to
simulate cardiac ejection and generate pressure in the chambers. Rapid and fine
pressure changes in the chambers are generated via voice coil actuators displacing metal bellows.

t*w
h
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point corresponding to LVEDP in each condition occurring at distinct
motor current values for a given afterload (Fig. 2B). Peak systolic pressure was held constant, resulting in some variation in the slope of pressure during contraction (dP/dt).
Increasing the simulated contractility with the same preload
condition produced a consistent LVEDP in the simulated left ventricle
while generating a more rapid increase in the simulated rate of isovolumetric contraction (Fig. 2C). Despite the change in contractility, the
point corresponding to the LVEDP in the motor current hysteresis
loop did not change between the two conditions, even with markedly
different shapes of the hysteresis loop through the simulated cardiac
cycle (Fig. 2D).

Fig. 2. Impella function in an MCL. (A) Varying
preload conditions were tested by setting LVEDP
to values including 5 mmHg (dotted), 10 mmHg
(solid), and 15 mmHg (dashed), which are shown
for a single representative run. Peak systolic pressure was held constant with changes in slope to
accommodate different values of LVEDP (red
dot). (B) In a representative case with Impella
speed of 37,000 rpm, LVEDP (red dot) is located
at different points on the motor current hysteresis
loop with each condition. (C) Left ventricular pressure (LVP) tracings with different slopes of systolic
contraction (dP/dt) were used to simulate varying contractility from 1100 mmHg/s (solid) to
1600 mmHg/s (dotted). LVEDP (red dot) is held
constant. (D) In a representative case with Impella
speed of 37,000 rpm, LVEDP (red dot) does not
change with variable contractility.
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Animal model
Once verified in the MCL, our hysteresis-derived measurement was
validated in a porcine model. The left ventricular and aortic pressures
were directly measured after initiation of the Impella at 37,000 rpm in
an animal at baseline conditions (Fig. 3A). The measured left ventricular pressure-volume (PV) loop (Fig. 3B) and calculated pressure head
plotted against the measured motor current (Fig. 3C) were defined
with distinct regions to demonstrate the corresponding changes in motor
current as a function of the phase of the cardiac cycle. Hysteresis manifested with markedly higher motor currents required to maintain a constant pump rotational speed during isovolumetric relaxation than during
isovolumetric contraction or ejection. Moreover, a characteristic notch in
the motor current hysteresis loop defined LVEDP, allowing for visual
and computer-directed recognition of that point of the cardiac cycle.
The basal state was challenged through inflation of a 6- to 10-ml
balloon to occlude the inferior vena cava (IVC), which evinced acute
and rapid changes in LVEDP. In five different animals with an im-

planted Impella operating at 37,000 or 42,000 rpm, a range of baseline
pressures and volumes were observed with a consistent response to the
acute IVC occlusion intervention (Table 1). A total of 269 measurements of LVEDP ranged from 3.5 to 23.5 mmHg (Fig. 4A). For each
animal, the hysteresis-derived LVEDP was in good agreement with
the direct measurement of left ventricular pressure via indwelling
Millar catheter (R2 = 0.96; mean absolute error, 0.90 mmHg) with
no clear patterns or biases in the Bland-Altman plot (Fig. 4). The case
at 42,000 rpm used a different characteristic curve for hysteresisderived LVEDP measurement but yielded similar results (R2 = 0.96;
mean absolute error, 0.84 mmHg) and trends on the Bland-Altman
plot (Fig. 4).
Using data from a representative animal during the IVC occlusion
(animal 1), the left ventricular PV loop obtained after the onset of IVC
occlusion demonstrated a rapid decrease in left ventricular intraventricular volume followed by decreased pressure, resulting in a leftward and
downward shift of the PV loop (Fig. 5A). Because the intraventricular
volume decreased, the motor current hysteresis loop narrowed and
shortened, reflecting a decrease in motor current variability at any given
pressure head and a reduction in the pressure head across the device
from the drop in systemic and intraventricular pressure. At the same
time, there was a corresponding increase in motor current at the time of
LVEDP (Fig. 5B).
Continuous measurements of the PCWP were obtained before and
after IVC balloon inflation. PCWP measurements taken at end expiration were contrasted with the direct left ventricular catheter–measured
pressures and the hysteresis-derived LVEDP (Fig. 5C). These data
demonstrate marked variability in the PCWP estimates in comparison
to the LVEDP values obtained by direct left ventricular catheter– and
hysteresis-derived LVEDP measurements. Before IVC balloon occlusion,

SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE
the PCWP registered a value of 9.7 ± 2.7 mmHg, whereas direct measurement of LVEDP was 17.4 ± 1.1 mmHg and hysteresis-derived measurement of LVEDP was 17.5 ± 1.2 mmHg, an almost fivefold greater error in
the PCWP than the hysteresis-derived measures. After IVC balloon occlusion, the calculated LVEDP values tracked closely to the directly
measured values (mean absolute error, 0.9 mmHg), whereas the
measured PCWP demonstrated continued variability (mean absolute error, 5.8 mmHg).

DISCUSSION

Fig. 3. The cardiac cycle separated into phases of ventricular isovolumetric
contraction and ejection (ice), isovolumetric relaxation (iso), and diastolic
filling (fill). (A) Left ventricular (LV) (solid line) and aortic (dashed line) pressures
over time, (B) left ventricular PV loop corresponding to the time series in (A), and
(C) motor current hysteresis loop corresponding to the same heart beat as (A) and
(B). This hysteresis loop can be separated into these different phases and cycles in
a counterclockwise direction as indicated by the arrows. Phase separation allows
easier determination of various effects on the loop from changing cardiac state.
LVEDP is indicated in all panels by a red dot.
Chang et al., Sci. Transl. Med. 10, eaao2980 (2018)
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Cardiogenic shock is a highly morbid condition that frequently fails
to respond to optimal medical therapy. There is an increasing interest
in use and prompt initiation of MCS support to restore systemic homeostasis (27–29). However, it is difficult for a clinician to determine
when to initiate, how to optimally titrate, and when to withdraw mechanical support especially because no firm metrics of support and
clinical benefit exist. Guidance is limited to qualitative assessment or
indirect estimates of left ventricular function, such as PCWP. Using
the PCWP to determine LVEDP is limited to the time over which balloon inflation can be performed and is prone to significant error from
pressure tracing noise contamination and variability (12, 13, 30). In
studies of patients with both pulmonary artery catheters and methods
of direct measurements of left ventricular pressure, the PCWP can deviate from the LVEDP by more than 6 mmHg (12, 13, 31). Our data
confirm this value with a mean absolute error of 5.8 mmHg. The presence of a device in the left ventricle offers the opportunity to respond
to this challenge with far greater fidelity. These devices modulate their
motor current to respond to demands of load and cardiac state, thereby providing the means to track cardiac function through interactions
between the indwelling pVAD and the supported heart.
Unlike traditional pump operating environments, the pVAD
functions in a highly dynamic environment due to cardiac contractions. The Impella pVAD operates in this environment by providing
variable motor current to the pump to maintain a constant rpm. The
Impella is ideal for our application because it can be placed into the
heart without damage to the organ, resides within the left ventricle to
provide physiologic-like antegrade flow from the left ventricle into the
aorta, and has a fixed cannula length with standardized positioning
and a small impeller mass relative to the mass flow. The motor current
required to maintain a set rotational speed varies during the cardiac
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Patient data
We applied the hysteresis-derived LVEDP measurement to data from a
patient supported on an Impella placed in the setting of cardiogenic
shock. The respiratory cycle induces not only physiologic variation in
ventricular filling and LVEDP (Fig. 6A) but also respirophasic error in
PCWP from cyclical alveolar compression of pulmonary capillaries.
Breath hold reduces compression by the filled alveolae of pulmonary
vasculature, but can be difficult to perform in every patient. At a time
point with a chart report value of 14 mmHg, hysteresis-derived LVEDP
was 18.9 ± 2.6 mmHg (n = 25; Fig. 6A). The mean absolute difference of
5.2 mmHg between the hysteresis-derived measurement and PCWP
was similar to that found in our animal study. At a second time point,
a PCWP waveform was recorded during a breath hold that yielded a
mean of 33.7 ± 2.9 mmHg with a hysteresis-derived LVEDP measurement of 30.7 ± 2.5 mmHg (n = 6 samples; Fig. 6B). This resulted in a
mean absolute difference of 2.8 mmHg between the hysteresis-derived
measurement and PCWP.
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Table 1. Basic hemodynamics for each animal case at baseline and during intervention. Each animal trial was performed independently in five pigs using
the IVC occlusion intervention. An additional case was performed with animal 5 at a different operating speed (42K = 42,000 rpm) to demonstrate parity at
multiple speeds. DP is the pressure difference between the aortic and left ventricular pressure, of which all animals had a minimum gradient of ~0 mmHg. Mean
arterial pressure (MAP) is shown at baseline and during peak intervention. bpm, beats per minute.
Animal 2

Animal 3

Animal 4

Animal 5

Animal 5 (42K)

Mass (kg)

77.3

70.0

79.4

71.4

68.0

68.0

Heart rate (bpm)

125

110

97

116

129

110

MAP baseline (mmHg)

104.0

65.3

88.1

83.3

98.2

98.6

MAP occlusion (mmHg)

71.8

38.2

71.7

62.1

60.5

79.5

DP max (mean) (mmHg)

109.0 (41.9)

70.2 (21.9)

105.4 (45.7)

93.4 (33.7)

81.3 (32.1)

90.9 (38.3)

19.5/4.4 (15.8)

9.4/3.1 (8.4)

7.1/4.7 (6.0)

13.8/10.1 (12.3)

23.5/15 (22)

23.8/9.0 (19.7)

LVEDP data points

45

62

35

33

94

32

Mean absolute error (mmHg)

0.92

0.31

1.58

0.98

1.00

0.84

LVEDP max/min (mean) (mmHg)

Fig. 4. Accuracy of hysteresis-derived measurement compared to direct
indwelling catheter measurement over multiple animal trials. Data from five pigs
with an implanted Impella operating at 37,000 or 42,000 rpm had varying baseline LVEDP
values and effect size from an IVC occlusion. Each point (n = 269) represents a separate
measurement comparison, and each marker represents a different case (Table 1), with the
42,000 rpm represented by the downward triangle. (A) Correlation plot comparing
hysteresis-derived and directly measured LVEDP (R2 = 0.96) for all animals, with the
dashed line representing the unity correlation. (B) Bland-Altman plot for all animals
with standard confidence intervals using ±2 SDs of the difference between the hysteresisderived and directly measured LVEDP over the average result of both methods.

cycle, with the degree of variation dependent on the underlying physiologic state of the heart. The impact of the contracting heart on the
device performance produces a characteristic hysteresis loop.
Verification and physiologic validation
Experiments conducted in the MCL allowed us to assess the impact of
changes in specific parameters of cardiac function, such as the preload
and the contractility, on the pump head–motor current hysteresis loop.
The data presented demonstrate that the shape of the hysteresis loop
changes with preload and contractility in a way that can distinguish
the type of change occurring. For example, the effect of varying LVEDP
versus change in contractility (dP/dt) can be distinguished by comparing the preload variation case with the isolated contractility change case.
Furthermore, LVEDP can be readily extracted from the hysteresis loop
morphology because it appears as an inflection point when the pump
changes from encountering a left ventricle undergoing diastolic filling
with one that is actively contracting. The inflection point was observed
in both the MCL and animal experiments, and shown in the MCL to be
independent of varying contractility state.
Validation was performed using physiologically intact animal
models with controlled alteration and restoration of ventricular input
(volume) through IVC occlusion. IVC occlusion is the classic means
by which to cause controlled, graded changes in LVEDP over a wide
range, and allows for internal control and validation with return to
baseline without irreversible pathologic insult. The hysteresis-derived
LVEDP measured from animal data derived from the Impella resulted
Chang et al., Sci. Transl. Med. 10, eaao2980 (2018)
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tory variation, patient chart–reported
PCWP and hysteresis-derived measurement were comparable with animal
data results and previous studies; PCWP
was lower than the hysteresis-derived
LVEDP and had a similar mean absolute difference (5.2 mmHg versus
5.8 mmHg) (12, 13, 31). Because error
in PCWP is sensitive to respiratory
effects (31), comparison was also evaluated with a patient during an endexpiratory breath hold. When using
a full PCWP waveform during the
end-expiratory breath hold, it is evident that PCWP maintains increased
variability compared to the hysteresisderived LVEDP measurement, but with
reduced mean absolute difference. The
reduction in mean absolute difference
when comparing both hysteresisderived measurements during an endexpiratory breath hold versus standard
PCWP readings was nearly 3 mmHg,
which is similar to a previous study
comparing the error of traditional readouts of PCWP to end-expiratory measurements (31). Although PCWP remains
Fig. 5. LVEDP measurement during IVC occlusion. Hemodynamics at baseline (a, solid blue line) and during IVC occlusion
sensitive to the pressure changes inbefore Impella suction event (b, dotted purple line). (A) Left ventricular PV loops from Millar catheter demonstrate reduction
duced by respiratory variation, these
in end diastolic pressure and stroke volume. (B) Hysteresis loops exhibit increased motor current during diastolic filling and a
results suggest that the hysteresisshift in notch (red dot) corresponding to end diastolic pressure from the effects of the IVC occlusion. (C) LVEDP over time via
hysteresis-derived method (dashed blue line), direct catheter (solid black line), and PCWP measurement (orange square).
derived measurement remains robust
(D) Correlation plot of the hysteresis-derived (blue circle; R2 = 0.88) and PCWP (orange square; R2 = 0.04) measurements to
with the respiratory cycle. The trends
direct measurement of LVEDP, with the dashed black line representing the unity correlation.
and patterns of these differences in measurements suggest some internal consistency when comparing PCWP with
in a value that tracked closely with the direct measurement of LVEDP the hysteresis-derived measurement and provide indication of the apthrough an indwelling catheter in the animal ventricle with a correlation plicability of this method in a clinical setting.
of R2 = 0.96. Hysteresis-derived LVEDP was fivefold more accurate than
PCWP measurements in our animals, matching data reported in the Limitations and future work
literature using similar techniques (12, 13, 31). Moreover, the hysteresis- Although the analysis of the hysteresis loop using motor current is
derived measurement tracked changes in LVEDP with respiratory varia- shown to be useful, there are some limitations to the work in its
tion and changes induced by the IVC occlusion at a higher resolution current form. LVEDP is relatively predictable with characterizathan achievable with the PCWP.
tion; however, the use of the entire hysteresis loop as a method to
The change in the shape of the pressure head–motor current hyster- track cardiac function requires more extensive characterization.
esis loop with changing conditions evaluated in the MCL and the Determination of LVEDP is also dependent on data sampling rate.
animal model suggests that the use of the hysteresis loop could provide Because LVEDP and many other features of the cardiac cycle refer
insight into other predictors of cardiac state. The width of the hysteresis to specific areas of the cardiac cycle, they may not be captured if the
loop increased in the MCL high contractility state compared with the sampling rate is overwhelmed by more rapid heart rates. This
baseline condition, whereas the animal model of acute disease demon- sampling constraint is resolved by measuring over multiple beats;
strated a decreased width of the hysteresis. The change in width seen in because more points are accumulated, natural physiologic variation
the MCL and animals is indicative of the inertial change that occurs with between beats prevents isorhythmic repeated loss of the LVEDP.
varying contractile force of the heart. The additional hysteresis loop Sensitivity analysis determined that a time window of 5 s would
changes in the animal are due to change in pressure head from reduced result in LVEDP being captured 93% of the time for heart rates
ejection related to the Frank-Starling mechanism, which cannot be up to 300 bpm. In addition, although several animals have been
controlled in the intact physiologic model. Imaginative quantification challenged with large and sudden changes in pressure, further studies
of the hysteresis loop can lead to new means to describe cardiac state must consider chronic changes and potential adaptive reflexes to understand how our approach might operate over longer terms and in
and is being investigated.
The patient data analysis suggests clinical applicability and validity the face of device variability. The current use of patient data illustrates
of the hysteresis-derived LVEDP measurement. With normal respira- that the technology can be used with the current clinical setting, but
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changes it induces in LVEDP and hemodynamic state of the animal.
Retrospective patient data were collected on the basis of available patients with hemodynamic measurements for validation.

further study of patient data in a larger number of patients will be
necessary to demonstrate clinical efficacy.
The full potential of temporary mechanical support during acute
cardiogenic disease has yet to be realized because of the difficulty in
determining appropriate degree of support, especially with the goal of
promoting native heart recovery. A modified hysteresis loop comparing
the pressure head, as the difference between the aortic and left ventricular pressure, to the device motor current, as a measure of load on the
device, can help alleviate this problem by characterizing the device-heart
interaction. By using parameters already measured by the device, the
loop can be used to quantitatively and visually provide information
about the state of the heart, which, in turn, can be used to provide guidance on appropriate degree of support. Here, we have shown that the
motor current–pressure head relationship can be used to determine
LVEDP. Comparison with PCWP and a direct catheter measurement
of the LVEDP provides a contextual view of a future wherein mechanical support devices can provide continuous functional metrics of cardiac state and ultimately closed-loop feedback control and titration.

MATERIALS AND METHODS

Study design
The goal of this work was to develop and evaluate a method to use
MCS device operational signals to determine LVEDP. Devices were
characterized in an MCL, validated using a porcine animal model
via direct left ventricular pressure and PCWP measurement, and applied using clinically available data through retrospective patient data
analysis. MCL experiments were used to evaluate characteristics of each
device used in an animal study over the widest clinically applicable
range of LVEDP. Such characterization was applied to five different
animals during baseline and during IVC occlusion intervention. This
intervention was chosen because of the controlled, rapid, and large
Chang et al., Sci. Transl. Med. 10, eaao2980 (2018)

28 February 2018

Mock circulatory loop
Variations in the pressure head and motor current relationship were
investigated using simulated cardiac states in a previously qualified
hybrid MCL (33) that consists of two chambers, two voice coil actuators
(one per chamber), three gear pumps, a fluid bath, controllers for each
component, and a computer controller (Fig. 1D). Flow was drawn from
a fluid bath by a gear pump into chamber 1, which simulated the left
ventricle, and flowed counterclockwise into chamber 2, which simulated the aorta. Flow moved from chamber 1 to chamber 2 either
through a bypass flow path (native aortic ejection) or through a fixture
that was tightly sealed around the Impella (pump flow). Flow then exited chamber 2 and returned to the fluid bath to model systemic circulation. Each actuator was controlled in real time using custom
controllers and a CAN bus connection to a computer running a custom LabVIEW program (National Instruments).
Desired custom pressure waveforms for both the simulated left
ventricle and aorta were input via the LabVIEW program, and output
values were saved on the computer. The gear pumps introduced circulating fluid to generate the programmed pressure, which was then
precisely and rapidly controlled by the voice coil actuators for each
chamber (± 1 mmHg) (33). The voice coil actuators moved linearly
to change the effective chamber volumes through expanding and
contracting metal bellows.
To mimic blood rheology, the circulating fluid consisted of distilled
water with 33% glycerol, 0.2% sodium hypochloride, and 0.01% silver
by mass maintained at 37°C. The chamber 1 pressure waveform
had a nominal LVEDP of 10 mmHg with values that varied from
5 to 45 mmHg. The pressure waveform in chamber 2 had a nominal
end diastolic pressure of 80 mmHg with values that varied from 30 to
130 mmHg. The resulting pressure head values ranged from 20 to
120 mmHg depending on Impella speed—higher speeds allow
greater pressure heads without retrograde flow. Changes in cardiac
contractility were simulated using a variation in the slope of pressure
during contraction (dP/dt), with 1100 mmHg/s used as the baseline
contractility and 1600 mmHg/s used as a high contractility state. A pressure transducer near the inlet of the Impella was used to report the
simulated left ventricular pressure. Data from the MCL were analyzed
using MATLAB (MathWorks).
7 of 9
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Fig. 6. LVEDP measurement from retrospective patient data. Data are shown
around discrete time points with available PCWP data. (A) A patient chart–extracted
PCWP estimation (orange circle) for LVEDP is compared with the hysteresis-derived
LVEDP (dashed blue line) for 25 heart beats. (B) A separate time point with a digitized
waveform of PCWP (dashed-dotted orange line) during a breath hold and the
hysteresis-derived LVEDP (dashed blue line).

Impella CP
The Impella CP served as our paradigmatic model of a pVAD. The
Impella is a temporary percutaneous, transvalvular MCS device
that resides within the left ventricle and maintains a constant pump
speed through load sensing. A continuous mixed flow pump at the
end of a 9-French catheter (32) is threaded percutaneously retrograde
through the aorta across the aortic valve into the left ventricle via either
the femoral or axillary artery. The inlet area of the catheter is in the left
ventricle, and the outlet area, where the impeller and motor are located,
lies in the aorta (Fig. 1A). The distal end of the device connects to a
controller console (Fig. 1B) that records motor current, motor speed,
and aortic pressure (Fig. 1C). The console sends power and the fixed
rotor speed setting to the device. Power is controlled using pulse-width
modulation, which allows direct relation of power to motor current, to
maintain a fixed rpm setting even in the face of rapidly changing
operating environment and cardiac function.
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Hysteresis-derived LVEDP
LVEDP is the pressure in the left ventricle at the end of ventricular
filling and immediately before ventricular contraction. The relationship
between the contractile state of the heart and LVEDP is described by the
Frank-Starling relationship. Because LVEDP is elevated in cases of acute
and chronic left ventricular failure, monitoring trends in LVEDP can
provide insights into the changing clinical state of a patient (14, 15).
Given the clinical importance of the measurement of LVEDP, we developed a method to measure LVEDP by using the motor current–pressure
head relationship.
Motor current and the pressure head that corresponded to LVEDP
over the different hemodynamic states were recorded at a given rpm.
We assumed that motor current variations stemming from slight motor
speed deviations at end diastole were relatively linear and were thus
corrected by linear scaling to the ideal fixed motor speed as follows:
w0
w

in which the speed-corrected motor current (ic) is equal to the product
of the measured motor current (im) and a ratio of the desired fixed (w0)
and real (w)motor speeds. This correction is made because deviations in
motor speed arise from controller variance rather than change in physiologic state. Without correction, motor speed variance can result in
falsely inconsistent motor current for a given physiologic state. The
speed-corrected motor current (ic) was plotted against the measured
pressure head for at least eight different conditions in the MCL, and
the relationship was then fit using an R2 optimization to produce a
third-order polynomial with pressure head as a function of motor current. Coefficients for the fit were used to determine LVEDP from a given
corrected motor current at a given motor rpm setting.
Animal model
A swine model served to provide insight into performance of the
hysteresis-derived LVEDP measurement in an intact living system
at baseline and after acute interventions via mechanical occlusion of venous return. Five (73.2 ± 4.9 kg; Table 1) Yorkshire swine were sedated
with an intramuscular injection of Telazol (tiletamine and zolazepam;
Zoetis US) at 6 mg/kg, endotracheally intubated, and maintained under
general anesthesia with inhaled isoflurane. Animals were maintained
in accordance with National Institutes of Health (NIH) and Association for Assessment and Accreditation of Laboratory Animal Care
(AAALAC) guidelines (CBSET) and monitored by continuous recording of oxygen saturation, core body temperature, and threelead electrocardiogram.
Arterial and venous access was obtained via cutdown of the left and
right femoral arteries and veins and right jugular vein. A pulmonary
artery catheter was introduced via the jugular vein to the pulmonary
artery for measurement of the PCWP. The Impella was introduced
via the left femoral artery over wire into the left ventricle using fluoroscopy guidance. A pigtail-tipped conductance PV loop catheter (Millar)
was introduced via the right femoral artery and advanced into the left
ventricle parallel to the Impella for continuous measurement of the left
ventricular volume and pressure. Ultrasound and fluoroscopy were
used to guide and confirm placement of the Impella and catheters.
The Impella was operated at the 37,000 or 42,000 rpm setting, which
are the intermediate and highest setting for therapeutic use (32), with
continuous measurement of motor speed, motor current, and aortic
pressure.
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Patient data
Anonymized retrospective patient data were obtained to provide further
validation and demonstrate clinical applicability in uncontrolled environments. Retrospective data from a patient suffering acute cardiogenic
shock treated using Impella CP were provided by Brigham and Women’s
Hospital as per institutional review board policy. The PCWP value
and waveform tracings were obtained when available for comparison with calculated LVEDP value. Values were extracted from review
of the patient chart. Waveform tracings were digitized using custom
MATLAB scripts. Other information about the clinical course was
provided via consultation with a treating attending physician.
This clinical information was coupled with Impella console data
routinely downloaded post-Impella explant, which included placement signal, motor current, and pump speed. These were used with
the same hysteresis-derived LVEDP measurement as used in the animal
models at discrete time points, where clinical information was available.
Time periods for LVEDP calculation are limited by available hemodynamic data for validation.
Statistical analysis
Bland-Altman and correlation plots using ±2 SD confidence intervals were used with animal data to assess validity of the measurement
technique with other measurement standards (34). A coefficient of determination is calculated to compare the linear correlation between
techniques. Animal and patient results at specific states are expressed
as means ±SD, with differences between techniques calculated using
the mean absolute error. Statistical analysis was conducted using
MATLAB and the Statistics and Machine Learning Toolbox from
MATLAB.
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Predicting pressure from a pump
Mechanical ventricular assist devices help the heart pump blood after cardiac surgery or while awaiting
heart transplant. Chang et al. show that the motor current and pressure head recorded by the Impella, a
temporary assist device placed within the left ventricle, can be used to measure left ventricular end diastolic
pressure (LVEDP). LVEDP indicates cardiac function and is used to titrate mechanical pump support. Chang and
colleagues found that Impella-based LVEDPs matched left heart catheter-based LVEDPs more closely than
pulmonary capillary wedge pressure−inferred LVEDPs. After testing in a mock circulatory loop and a pig model of
cardiac dysfunction, they confirmed their findings with patient data. This method does not require any modification
of the Impella assist device, suggesting that it could be easily adopted into clinical practice.

