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Abstract

Ventricular assist devices (VADs) offer mechanical support for patients with cardiogenic shock by
unloading the impaired ventricle and increasing cardiac outflow and subsequent tissue perfusion.
Their ability to adjust ventricular assistance allows for rapid and safe dynamic changes in

cardiac load, which can be used with direct measures of chamber pressures to quantify cardiac
pathophysiologic state, predict response to interventions, and unmask vulnerabilities such as
limitations of left-sided support efficacy due to intolerance of the right heart. We defined
hemodynamic metrics in five pigs with dynamic peripheral transvalvular VAD (pVVAD) support

to the left ventricle. Metrics were obtained across a spectrum of disease states, including

left ventricular ischemia induced by titrated microembolization of a coronary artery and right
ventricular strain induced by titrated microembolization of the pulmonary arteries. A sweep of
different pVAD speeds confirmed mechanisms of right heart decompensation after left-sided
support and revealed intolerance. In contrast to the systemic circulation, pulmonary vascular
compliance dominated in the right heart and defined the ability of the right heart to adapt to
left-sided pVAD unloading. We developed a clinically accessible metric to measure pulmonary
vascular compliance at different pVAD speeds that could predict right heart efficiency and
tolerance to left-sided pVVAD support. Findings in swine were validated with retrospective
hemodynamic data from eight patients on p\VVAD support. This methodology and metric could

be used to track right heart tolerance, predict decompensation before right heart failure, and guide
titration of device speed and the need for biventricular support.
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INTRODUCTION

Mechanical circulatory support technologies have transformed critical care for patients with
heart failure and acute cardiogenic shock, enabling native heart recovery by offering the
potential to meet metabolic demands, maintain organ perfusion, and unload the failing left
ventricle without markedly increasing oxygen consumption and demand on the native heart
(1-4). As ventricular assist devices (VADs) are used more clinically, including surgically
implanted durable VADs and percutaneous temporary VVADS, unique challenges have
arisen, particularly amplification of the limitations imposed by right ventricular tolerance
to left-sided support. Traditionally, right-left ventricular coupling is a feature of intact
cardiovascular homeostasis and enables the ventricles to support and counterbalance each
other to maintain cardiac output (5-7). Successful left-sided VAD support requires that the
right heart can match mechanically enhanced left-sided blood flow, despite the decoupling
of native cardiovascular interactions, including right-left ventricular coupling, that is induced
by VAD unloading. One of the critical challenges for VAD support of the left ventricle is
the emergence of right ventricular dysfunction or failure in the acute period after initiation
of left-sided support, which affects up to 43% of patients with left ventricular assist and is
associated with higher in-hospital mortality (8-15).

The left and right ventricles are functionally coupled through intracardiac interactions and
serial interactions across the closed-loop hemodynamic circuit (5). Intracardiac interactions
consist of systolic buttressing and diastolic interdependence through septal shift and
compliance changes (5, 7, 16). Series interactions generate a link between right ventricular
afterload and left ventricular preload through the pulmonary circulation. Emerging research
emphasizes the influence of left ventricular loading state on right ventricular afterload and
pulmonary vascular compliance and vice versa (17-19). Given that mechanical circulatory
support disrupts native coupling across the cardiovascular system, VVADs perturb not just the
left ventricular but also the right ventricular loading state due to these right-left ventricular
interactions. If the right heart is unable to compensate, then patients are at risk of right
ventricular failure, diminished utility of mechanical circulatory support, and complete
cardiovascular decompensation.

The role of the right ventricle as a limiting factor in left-sided mechanical support has been
most appreciated in the context of durable VADs (12, 13, 15, 20-25). These devices are
generally placed in patients with stable chronic heart failure, and right heart studies focus
on the acute post-operative phase as patients recover from surgical device implantation (14,
26-36). However, percutaneous ventricular assist devices (pVVADSs) can be less invasively
inserted and removed to provide temporary left ventricular support. Ease of insertion and
extraction has reduced the threshold for use, and pVVAD utilization has surpassed durable
device use. There are 40,000 to 50,000 cases of cardiogenic shock annually in the United
States alone, and use of temporary, short-term mechanical support to treat those patients is
growing, with between 16 and 42.6% of cases supported in current analyses (3, 37-41).
Emergence of right ventricular failure in the hours after initiation of left-sided pVAD
support is caused by the right heart’s inability to tolerate acute changes in loading state
and to match mechanically enhanced left-sided output, not from long-term physiological
adaptations. Right heart intolerance in general is further compounded by the wide variation
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and rapidly evolving acute cardiac dysfunction of patients in cardiogenic shock, such that
the need to track and predict right heart state has become critical (42—49). Despite the
clinical prevalence of right ventricular failure after acute left ventricular support, a critical
hole remains—namely, that the physiologic basis of this occurrence in the acute setting is
not fully understood and metrics to predict and track right ventricular decompensation are
limited.

Here, we leverage the unique position of the indwelling, transvalvular pVAD to gain insight
into the native cardiovascular response to left ventricular support. In a controlled porcine
model of left ventricular ischemia and progressive right ventricular strain, we show that
rapid pVVAD speed sweeps generated a means of safely, dynamically stressing the heart—
changing loads without loss of mechanical support. This assessment could not be achieved
otherwise, as the indwelling pVVAD simultaneously prevented systemic collapse and enabled
accumulation of functional cardiac metrics. We report clinically accessible methods to track
and predict right heart decompensation with pVAD support during acute heart failure in pigs
and validate this approach using retrospective human data.

RESULTS

Hemodynamics across a spectrum of states, ranging from health to left and right heart
collapse, were analyzed in five pigs undergoing left-sided pVAD support. All five animals
survived induction of cardiogenic shock by coronary embolization with controlled and
titrated injection of microspheres, and four animals achieved further pulmonary hypertension
through similar use of microspheres in the pulmonary circulation. Animal #2 expired
early from ventricular fibrillation cardiac arrest during pulmonary microembolization.
Pulmonary vascular impedance varied with modest elevation in mean pulmonary artery
pressure from postcapillary strain due to left ventricular ischemia, followed by graded and
progressive increases in mean pulmonary artery pressure with each phase of pulmonary
microembolization (fig. S1). Ultimately, a spectrum of biventricular loading states was
generated due to varied animal responses and interim microembolization states.

Differences in systemic and pulmonary vascular mechanics

Advanced hemodynamic monitoring confirmed graded induction of left ventricular failure,
followed by added right heart stress in the five animals with indwelling pVADs. The
interaction between ventricular function and vascular loading state was compared for the
left and right hearts. Left ventricular relaxation tracked with mean arterial pressure across
the spectrum of states modeled in the animals, as did right ventricular relaxation with mean
pulmonary artery pressure (Fig. 1, A and B). The correlation was stronger for the left
ventricle (/2 = 0.77) compared to the right ventricle (4% = 0.58). Left ventricular contraction
tracked with mean arterial pressure and right ventricular contraction with mean pulmonary
artery pressure (Fig. 1, C and D). Similarly, correlation was stronger for the left ventricle
(/% =0.75) compared to the right ventricle (A2 = 0.19). In contrast to these measures of
relaxation and contractility, which are known as load-dependent markers, the response of
the left and right ventricles varied greatly for stroke work, representing the energy expended
by the ventricle across the cardiac cycle. Left ventricular stroke work predictably tracked
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with systemic loading state (Fig. 1E). In contrast, right ventricular stroke work was highly
variable and did not track with mean pulmonary artery pressure (Fig. 1F).

We also assessed the constituent elements of vascular function using the transvascular
pressure gradient, resistance, compliance, and the resistance-compliance (RC) time constant
to further study the systemic and pulmonary circulations of the five animals. Distinct
differences emerged between systemic and pulmonary vascular function. Cardiac output
(CO) correlated positively and in a linear manner with the transsystemic pressure gradient
and, in contrast, correlated with the transpulmonary pressure gradient in a negative and
exponential manner (Fig. 2A). CO did not correlate with systemic vascular resistance, but
there was a negative, exponential correlation with pulmonary vascular resistance (Fig. 2B).
Similarly, CO did not correlate with aortic compliance but was sensitive to the pulmonary
vascular state, showing a positive, linear correlation with pulmonary vascular compliance
(Fig. 2C). The RC time constant represents the combined influence of vascular resistance
and compliance. There was no correlation between CO and the systemic RC time constant;
however, because of the unique properties of the pulmonary vasculature, there was a
negative and exponential correlation for CO with the pulmonary RC time constant (Fig.
2D).

Impact of pulmonary vascular state on pVAD utility

As the left and right ventricles are linked serially, pulmonary vascular dynamics not only
affect right heart function but also the left ventricular response to pVVAD support. pVAD
speed sweeps were performed, with progressive ramps in device speed as tolerated, and
metrics of left heart state and function were assessed. Across the speed sweeps, greater
decrement in left ventricular end-diastolic volume or preload was attained in states with
higher pulmonary vascular compliance, indicating that greater left ventricular unloading
was achieved (Fig. 3A). Consequently, there was also greater reduction in left ventricular
maximum pressure slope (dP/dinax), @ load-dependent measure of contractility, as well as
systemic arterial elastance, a measure of afterload, in states with higher pulmonary vascular
compliance (Fig. 3, B and C). Last, incorporating these cumulative effects on left ventricular
state, increased p\VVAD support led to a greater increase in left ventricular stroke volume
and a greater reduction in left ventricle stroke work at states of higher pulmonary vascular
compliance (Fig. 3, D and E).

Effects of varied pVAD stimulus on right heart physiology

The transvalvular pVAD provides a means of rapidly and dynamically altering load in
the heart. Previously, pVAD load modulation has been used to measure systemic vascular
resistance and CO (50). This study extended the use of the pVAD to determine potential
cardiac reserve, specifically the ability of the right heart to increase output and match the
mechanically enhanced left-sided blood flow and to reveal complex heart physiology that
cannot be studied without left ventricular support. At steady state, pulmonary vascular
compliance had a profound impact on pulmonary arterial elastance, with decreased
compliance resulting in increased right ventricular afterload (Fig. 4A). The pVAD speed
sweeps revealed how this relationship between pulmonary vascular compliance and right
ventricular afterload responded to rapid changes in left ventricular support at each of the
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states modeled (Fig. 4B). In high compliance states, there was a rapid change in pulmonary
vascular compliance across the pVAD speed sweep, indicating adaptability that maintained
right ventricular afterload relatively constant (Fig. 4B). In less adaptable states, however,
pulmonary vascular compliance was less variable across pVAD speed sweeps, and right
ventricular afterload was subject to larger changes, indicating intolerance to left-sided
support (Fig. 4B).

Cardiac assessment during the pVAD speed sweep

To evaluate cardiac reserve in response to pVAD speed sweep at the bedside, metrics must
be developed for assessment of pulmonary vascular function. Given that the pulmonary
vasculature acted over a greater dynamic range and in a manner more complicated than
ohmic resistance found in the systemic circulation, its function could be modulated as loads
changed. For example, as intrathoracic pressure changed with breathing, pulmonary vascular
function changed as well. Consequently, a hysteretic transpulmonary relationship emerged.
Rather than a linear elastic response, changes in mean pulmonary artery pressure (upstream
of the vascular bed) with respect to left ventricular end-diastolic pressure (downstream) were
delayed due to capacitance loading and dissipation by pulmonary vascular compliance (Fig.
5A). This hysteresis did not occur in the transsystemic relationship, as the systemic vascular
bed did not have the same capacity for dynamic changes in compliance (Fig. 5B). The area
of these transpulmonary loops correlated with pulmonary vascular compliance, indicating
that, with higher compliance, there was greater capacitance and adaptability in the system
(Fig. 5C).

We implemented this measure of pulmonary vascular compliance to assess right heart
adaptability and predict tolerance to pVVAD support. Across the pVAD speed sweeps

for the spectrum of states modeled, the percent change in transpulmonary loop area
correlated with right ventricular stroke work, enabling prediction of future tolerance to left
ventricular support before failure emerging (Fig. 5D). Furthermore, pVVAD speed sweeps
allowed safe and dynamic query of the system, and calculation of transpulmonary loop
area for measurements of pulmonary vascular compliance could be acquired clinically
with a standard right heart catheterization along with p\VVAD-obtained measurements of left
ventricular end-diastolic pressure (51).

Validation of cardiac metrics with a retrospective human dataset

Porcine findings were validated by retrospective analysis of data from eight patients
undergoing variable pVAD support. There were a total of 40 inquiries and 26 P-level speed
changes across a range of physiologic states. Representative transpulmonary hysteresis
loops at high and low pVAD speeds mimicked what was observed in the animals and
confirmed that pVVAD speed sweep could dynamically alter pulmonary vascular state and
assess adaptability in humans (Fig. 6A). Furthermore, correlation between transpulmonary
hysteresis loop area and pulmonary vascular compliance was also statistically significant (P
< 0.0001) in the human data (Fig. 6B). Last, similar to the response in animals, the percent
change in transpulmonary loop area across an increase in pVAD speed correlated with the
systolic pulmonary artery pressure, which served as a surrogate for right ventricular wall
stress and thus right heart tolerance to left-sided ventricular support (Fig. 6C).
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DISCUSSION

VADs offer new promise for patients in cardiogenic shock by providing left ventricular
support with minimal increase in energy demands for the heart. Increasing VAD use has
resulted in reduced duration and severity of disease as well as native heart recovery for
many patients. Despite this, mortality rates for indwelling VAD use remain high, and
questions regarding optimal use—including which patients will benefit most, how to best
titrate left ventricular support, and which devices are optimal—have yet to be addressed. A
major limitation of VADs is the response of the right ventricle and pulmonary vasculature,
with right heart failure after initiation of left-sided support remaining a critical barrier to
enhanced clinical utility of these devices. Similarly, the propensity for or the presence

of pulmonary hypertension establishes further limitations and a quandary regarding fixed
or dynamic vascular impedance that may affect related outcomes such as candidacy for
heart transplantation. Here, we show that p\VADs can be used to predict the clinical course
during cardiogenic shock in a porcine model with varied right and left heart disease states.
Intraventricular placement of this device creates a platform to quickly alter loads in the
heart while simultaneously maintaining support of the impaired left ventricle and directly
recording intraventricular functional metrics. This platform can be used as a means of
dynamically stressing the right heart and revealing tolerance to stress that is unable to be
assessed with traditional static metrics. By developing and using this approach in the porcine
study, we enabled access to cardiac metrics that are not usually available, most notably
the change in pulmonary vascular compliance, which can be measured by transpulmonary
hysteresis and revealed right heart tolerance to left-sided support.

Traditionally, right and left ventricular coupling is a feature of intact cardiovascular
homeostasis and enables the ventricles to support and counterbalance each other in
maintaining perfusion and optimizing cardiac energetics (5-7). With preserved ventricular
coupling, pVAD support should improve left and right heart function through clearing of
passive pulmonary congestion attributed to left ventricular failure and through reduced
septal impingement, thereby increasing right ventricular compliance (22, 52-54). However,
increased left ventricular support can trigger a cycle of decompensation that affects both
ventricles in the hours after initiation of support, if the right heart cannot accommodate
these acute changes in load. This decompensation can lead to right ventricular dilation
and leftward septal shift, worsening cardiac failure and reducing VAD utility (52, 55).
Although this is a common challenge when using VADSs, understanding the mechanics of
this decompensation and determining metrics for its prediction remains an urgent need.

Pulmonary artery catheters often accompany mechanical circulatory support devices,
although it is not entirely clear how they can be harnessed to drive device use. End-diastolic
pressure as a measure of preload, pulse pressure as a surrogate for stroke volume, and mean
arterial pressure and vascular resistance as measures of afterload are adequate to define

the left ventricle as a pressure generator and the systemic circulation as an ohmic resistor
(56). However, the right ventricle and pulmonary circulation differ from their left-sided
counterparts, and although measurable, central venous pressure, pulmonary artery pulse
pressure, pulmonary vascular resistance, and the pulmonary artery pulsatility index have
limited ability to prospectively predict right heart decompensation or even the persistence
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of pulmonary hypertension (57-61). Moreover, standard metrics describe a singular state in
time, limiting them in determining cardiac reserve and response to stress. Thus, tolerance
to intervention requires extended periods of time and consequently is confounded by
uncontrolled state changes. Consideration of mechanisms specific to the right heart and

use of the pVVAD as a platform for controlled stimulus to the system may aid in advanced
prediction and tracking of right ventricular decompensation during mechanical circulatory
support.

This study was designed to span a broad range of biventricular loading states to enable
assessment of these differences in the right and left hearts and their role in ventricular
coupling, specifically during pVAD support. This design also allowed for translation

of the study findings to the broad range of states present in patients with cardiogenic

shock. The range of biventricular loading states was generated through two forms of
physiological intervention: graded degrees of left ventricular ischemia due to controlled
coronary microembolization and additional right ventricular stress due to titrated pulmonary
microembolization (fig. S1). The differences in systemic and pulmonary vascular function
and their contributions to right heart tolerance of left-sided pVAD unloading were analyzed.

Classically, vascular function is described using an analogy to Ohm’s law, with the
transvascular pressure gradient determined by the product of blood flow and vascular
resistance (62, 63). The constituent vascular functional elements contributing to ventricular
afterload suggest that the systemic vasculature is governed by the transsystemic pressure
gradient, with the vascular beds resembling variable ohmic resistors in parallel and their
function consisting of static compliance and neuroendocrine-mediated resistance (Figs. 1
and 2). In contrast, the pulmonary vascular metrics exhibited inverse mechanics, fitting with
Permutt’s description of the pulmonary circulation as a network of Starling resistors (64—
66). Because the vessels are surrounded by the lungs, transmural pressure changes across
the vessel walls can mechanically alter resistance and compliance through vessel recruitment
and distension. As a result, both resistance to continuous flow and impedance to pulsatile
volume load were critical to pulmonary vascular function (Fig. 2). Thus, the pulmonary
circulation may act as a tuned RC circuit, and as a result, right ventricular stroke work does
not track with mean pulmonary artery pressure in the same way that left ventricular stroke
work tracks with mean arterial pressure (Fig. 1).

In light of the Starling resistor function of the pulmonary circulation, volume load in the
pulmonary vessels is critical to right heart function. The pulmonary vascular compliance
became increasingly limited in our study with progressive increases in volume load in
response to pulmonary congestion from backward propagation of elevated left ventricular
preload and then further with pulmonary microembolization and vessel occlusion. This
handling of volume and pulsatile load creates a unique vascular adaptability in the face of
cardiopulmonary stress and, if limited, can ultimately have profound implications on the
ability of the right heart to move volume in heart failure and with mechanical circulatory
support.

The effect of pulmonary vascular compliance on the efficacy and degree of support achieved
by the left-sided pVVAD was one of these outcomes. The reduction in left ventricular
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preload and afterload rose with higher pulmonary vascular compliance, indicating greater
improvements in left heart state achieved with the device (Fig. 3). Furthermore, the higher
the pulmonary vascular compliance, the greater the benefit to left ventricular function and
workload as these animals had the greatest reduction in left ventricular contraction rate and
stroke work. Last, the device achieved greater increases in total left-sided stroke volume

in states with higher pulmonary vascular compliance, indicating greater effectiveness in
improving CO and end-organ perfusion.

Mechanical devices offer exciting potential with both their intended purpose of circulatory
support and their ability to provide predictive analysis of advanced heart failure (50, 51, 67—
69). It was use of the pVVAD that enabled observation of these pulmonary vascular dynamics
and the important role of pulmonary vascular compliance in tolerance to device support.
Because of the nature of cardiovascular disease, physiological reserve is diminished,
meaning that variance in the system is reduced. In addition, classic metrics describe the
system solely at a static point in time. What the pVVAD offers is a means of dynamically
stimulating the system, creating the opportunity to assess how patient physiology will
respond to stress across a broad range of loads, thereby increasing the variance in the system
and expanding beyond static measurements. Moreover, monitoring of patient response to
interventions traditionally requires a timescale of hours to days to determine tolerance and
is confounded by uncontrolled state change. This means that the right heart response is only
observed after right heart failure has emerged and the patient shows worsened symptoms

of congestion, end-organ malperfusion, and device suction events. pVADs can shrink that
timescale by providing different degrees of support, thereby altering loading states of the
heart, while simultaneously stabilizing cardiogenic shock states. This approach creates a
method to rapidly and safely test the physiologic system and determine the response on

the order of minutes, eliminating the confounding uncontrolled state changes associated
with longer time periods and allowing more rapid intervention to prevent full-scale right
ventricular failure.

By applying a controlled p\VVAD stimulus in this study, we have expanded beyond classic
static metrics to unveil pulmonary vascular adaptability in response to stress (Fig. 4).

This response reveals right heart and pulmonary vascular tolerance to pVVAD support and
potentially long-term responses to interventions such as heart transplantation. In the tolerant
state, pulmonary vascular function adjusted to maintain right heart afterload and allowed
for matching of right ventricular output to left ventricular output. pVAD speed sweeps
revealed that in cases with greater change in pulmonary vascular compliance, the right heart
adapted and maintained afterload. However, with reduced adaptability, pulmonary vascular
compliance was no longer responsive and coupled to changes in left ventricular preload,
suggesting right ventricular intolerance to left-sided support.

One form of innate stress on the system is imposed by the respiratory cycle, with variability
in vessel transmural pressure caused by intrathoracic pressure changes. Throughout this
cycle, a hysteretic transpulmonary relationship was generated in both animals and humans,
with a delay in pressure transmission between the pulmonary artery and the left ventricle
imposed by pulmonary vascular compliance (Figs. 5 and 6), which was not observed in

the systemic circulation. Leveraging this unique transpulmonary relationship, pulmonary
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vascular compliance was predicted by the area of these hysteretic loops, and therefore, the
percent change in these areas across a pVVAD speed sweep was predictive of right heart
adaptability and tolerance to left ventricular unloading.

Traditional metrics related to preload, contractility, vascular resistance, and arterial elastance
define state-based phenomena and are governed by classic Starling forces and Poiseuille
flow but have not fully captured ventricular interactions and regulation in particular of the
right heart. Advanced mechanistic understanding involving pulmonary vascular compliance
can now be introduced to define the cardiovascular system within the context of stress
simulated by pVAD stimuli. These therapeutic devices then can be transformed to create a
hemodynamic stress test. Controlled titration of mechanical circulatory support speed can
span the spectrum of future states, unmask complex right-left ventricular interactions, and
reveal how a patient will respond. Furthermore, this response can be defined using the
transpulmonary loop area, which is obtained with a standard right heart catheterization and
pVAD-obtained continuous measurements of left ventricular end-diastolic pressure (51, 70).

By capitalizing on the unique positioning and operation of pVVADs (fig. S2), the developed
metrics can help predict right heart tolerance before patients exhibiting frank right
ventricular decompensation. Such an approach can allow clinical teams to better titrate the
degree of left-sided support provided, optimizing biventricular function (fig. S3). By rapidly
assessing the response across a safe and controlled pVAD speed sweep, an inflection point
in the trajectory of the developed metric could indicate the speeds that the right ventricle
tolerates compared to the point at which decompensation begins. This inflection point may
inform the physician of the maximum speed for titration. In the most severe cases, the
response may indicate that the right ventricle is entirely intolerant to left-sided support,
allowing physicians to initiate biventricular support earlier in a patient’s disease course,
which improves patient outcomes compared to delayed biventricular support (71, 72).

This work expands upon efforts by others to study right heart function and recognize its
importance during mechanical circulatory support. Our study focuses on the importance

of pulmonary vascular state for biventricular tolerance to left-sided mechanical support,
and porcine models of left ventricular ischemia and pulmonary hypertension were used

to vary the load in the pulmonary vasculature. Like all studies, there are limitations that
must be considered. Cardiogenic shock and pulmonary vascular disease manifest in several
forms and a range of extents; thus, it will be important to study right and left ventricular
interactions in different animal models to validate findings across the broad spectrum of
disease and shock. Human data validation of the animal experiments must be considered in
light of differences between the datasets in the species we used. Although the humans, like
the animals, were purposefully selected to span a wide range of ischemic and pulmonary
vascular states, the animals were all ostensibly normal at baseline with no known lung

or heart disease and were managed with standard and consistent ventilator settings. Last,
although our study includes multiple data points in five animals and eight humans, our
findings will require further validation with larger human cohorts with pVAD support to
translate these findings for use at the bedside and in patient management.
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MATERIALS AND METHODS

Study design

We assessed the impact of controlled pVVAD stimulus on the right and left ventricles of
five pigs across a spectrum of cardiovascular states. The biventricular response to pVAD
speed sweep was first assessed in the intact healthy animals. It was then assessed after two
gradations of left ventricular ischemia induced by coronary artery microembolization and
two gradations of right ventricular strain induced by pulmonary artery microembolization.
Loading states and pulmonary vascular impedances were varied to determine the role of
ventricular interactions on biventricular tolerance to acute left ventricular unloading and
to mechanistically inform cardiac metrics that could be used to predict this tolerance
before decompensation. The animal study was approved by the CBSET Institutional
Animal Care and Use Committee, Protocol Number 100294. All animals were maintained
in accordance with NIH and AAALAC guidelines (CBSET) with continuous monitoring
of body temperature, oxygen saturation, end-tidal carbon dioxide, and electrocardiogram.
Randomization and blinding were not performed, as each subject underwent the same
protocol, and all data were included.

To validate the porcine data, we retrospectively analyzed anonymized hemodynamic data
from eight patients who underwent pVVAD support in Asuncion, Paraguay. The protocol was
reviewed and approved by the Bioethics Committee of the Office of the Superintendent

of Health, Paraguay. Analysis was performed under the supervision of the Massachusetts
Institute of Technology Committee on the Use of Humans as Experimental Subjects
(E-4909). Each subject was enrolled after signing the Ethics Committee—approved informed
consent form. The data were anonymized for analysis. Eight subjects (six male, two female;
62.6 + 6.97 years) underwent p\VVAD support for an average period of 2.43 + 1.07 hours
during high-risk percutaneous coronary intervention. pVAD speed sweeps were performed
before and after intervention, and continuous measurements of pulmonary artery, left
ventricle, and aortic pressures and continuous CO determined by thermodilution (Edwards
LifeSciences) were collected. Left ventricular end-diastolic pressure, mean pulmonary artery
pressure, pulmonary vascular compliance, and systolic pulmonary artery pressure were
assessed across pVVAD speed sweeps, as tolerated.

Mechanical circulatory support device

The pVVAD used, the Impella CP (Abiomed), is a transvalvular, catheter-mounted, mixed-
flow pump. The device was introduced percutaneously through the femoral artery and
advanced retrograde across the aortic valve to continuously pump blood antegrade in
tandem with native output for left ventricular unloading and increased CO (fig. S2). An
external controller modulated power to maintain an operator-determined fixed rotor speed.
pVAD speed sweeps were performed, with progressive ramps in Impella performance level
(P-Level) between P-2 and P-8 (31,000 to 44,000 revolutions per minute), as tolerated.

Animal preparation and data acquisition

A series of five acute animal trials (~75 kg Yorkshire swine; adolescent; four male, one
female) was used to assess biventricular function across a range of cardiac conditions.
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Anesthesia was induced by intramuscular injection of tiletamine-zolazepam (4 to 6 mg/kg)
and maintained using intravenous propofol (~0.2 to 0.4 mg/kg per min). Animals had no
known lung disease and were maintained on a Puritan Bennett 840 Ventilator (Medtronic) in
volume control mode with a tidal volume of 8 ml/kg body weight, positive end-expiratory
pressure of 5 cmH,0, and fraction of inspired oxygen of 50%, standard ventilatory
parameters used clinically. Peak inspiratory pressures ranged from 12 to 20 cmH,O, and
respiratory rate was titrated to maintain an arterial partial pressure of carbon dioxide of

35 to 45 mmHg. Following each study (duration, ~8 hours), animals were euthanized in
accordance with accepted American Veterinary Medical Association guidelines.

A research-grade data acquisition system (ADInstruments) continuously recorded a single-
lead electrocardiogram and hemodynamic measurements from femoral, carotid, and jugular
access points. Pressure-volume conductance catheters (Millar) were positioned in each
ventricle. A Swan Ganz catheter was used for thermodilution CO assessment. Straight-tip
pressure sensors (Millar) measured aortic and pulmonary artery pressures, along with a
femoral vein external pressure transducer (ADInstruments). Fluoroscopy was used to verify
device placement and monitor aortic valve competency.

Animal model

The intact biventricular response to pVVAD speed sweep was first assessed. Left ventricular
ischemia was then induced through injections of 0.25-ml compressible microspheres
(diameter, 45 to 105 pm) (Hydropearl, Terumo) mixed with 20 ml of equal parts

isotonic saline and contrast into the left anterior descending coronary artery. When initial
signs of ischemia were detected through reduced coronary flow, mean arterial pressure,
mixed venous oxygen saturation, and/or elevated left ventricular end-diastolic pressure,
microsphere injections were paused to assess the response to pVAD sweep in this initial
ischemic condition. Injections were continued to reach cardiogenic shock, defined by left
ventricular end-diastolic pressure > 20 mmHg, mean arterial pressure < 60 mmHg, and/or
mixed venous oxygen saturation < 55%. Additional microsphere boluses were injected into
the left circumflex as needed, mindful of animal state, coronary anatomy, and degree of left
anterior descending occlusion. pVAD sweeps were then conducted to assess the response
under left ventricular ischemic insult alone.

Acute pulmonary hypertension was then induced through pulmonary artery
microembolization to stress the right ventricle beyond postcapillary strain associated with
left ventricular ischemia. Similar to the coronary microembolization approach, this model
and the nature of the injectable particles allow precise control to induce graded forms of
stress. Boluses of 0.01-g Sephadex microspheres (diameter, 100 to 300 pm) (Cytiva) in 2
ml of equal parts isotonic saline and contrast were repeatedly injected into the pulmonary
artery to incrementally strain the right ventricle. The response to pVVAD speed sweep was
measured at a preliminary stage of elevated pulmonary vascular impedance and at a final
pulmonary occlusion state defined by either an increase in mean pulmonary artery pressure
of >10 mmHg compared to the shock state or a reduction in mean arterial pressure to

<40 mmHg. Both of these indicate right ventricular stress: Elevated mean pulmonary artery
pressure represents an increase in right ventricular afterload, and the reduction in mean
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arterial pressure occurs due to reduced flow through the pulmonary circulation into the left
ventricle, thereby reducing left ventricular output.

Data analysis

Data were registered and analyzed using MATLAB (MathWorks). In the animals,

five different clinical conditions were considered including health and two gradations

of coronary and pulmonary artery bead occlusions. Criteria were identified for final
coronary and pulmonary occlusion states, whereas interim microembolization states were
purposefully varied to generate wide-ranging biventricular functional states across a
physiologic continuum, which amounted to 23 distinct physiologic states. At each state,
responses were recorded at seven device speeds as tolerated between P-2 and P-8, amounting
to 159 total inquiries and 21 complete pVVAD speed sweeps. Hemodynamics at each state
were assessed across 1 minute of steady values, and metrics were calculated for beats in
sinus rhythm and stable catheter signal. Instances of catheter disturbance which precluded
calculation of particular metrics are denoted in individual figure legends. In the humans,
there were a total of 40 inquiries, amounting to 26 P-level speed changes for assessment.

Ventricular functional metrics include end-diastolic pressure; end-diastolic volume;
maximum pressure slope (dP/dfnax) and minimum pressure slope (aP/dfnin), Measures

of contractility and relaxation, respectively; stroke volume; and stroke work, calculated

by area of the pressure-volume loops. Vascular metrics include arterial elastance; mean
arterial pressures; transvascular pressure gradient (the difference between the upstream
mean arterial pressure and the downstream end-diastolic pressure); vascular resistance;
vascular compliance (ratio between stroke volume and pulse pressure); and vascular RC time
constant (product of vascular resistance and compliance). The time constant is a metric used
with exponential behaviors, demonstrating the time to increase or decrease by 1-1/e from
the initial value (73). For vascular function, this metric represents the time of exponential
pressure decay during diastole (73).

Statistical analysis

Data are presented as trends along the continuum of states modeled. Linear regression
was performed in Microsoft Excel, with logarithmic transform for exponential fits, to
confirm validity of trends. Corresponding curves and the square of the multiple correlation
coefficient are denoted for correlations of statistical significance, determined by P value

< 0.05. Pvalues are reported for all correlations as NS (not significant), < 0.05, P<
0.01, < 0.001, and A< 0.0001. Data in fig. S1 were analyzed with a one-way analysis of
variance (ANOVA) and post hoc Tukey honest significant difference test using Prism 10.0
(GraphPad).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Left and right ventricular function in responseto systemic and pulmonary vascular load.
Shown are the minimum pressure slopes, adP/dfyin, for the (A) left (< 0.0001) and (B)

right (P < 0.0001) ventricles across the spectrum of states modeled in the animals with
pVAD support. dP/dtyin is a load-dependent measure of relaxation, and the panels show

its alteration as mean arterial pressure and mean pulmonary artery pressure change. The
maximum pressure slope, dP/dfnax, is shown as well for the (C) left (< 0.0001) and

(D) right (P< 0.05) ventricles across the spectrum of states. dP/dnax is a load-dependent
measure of contractility, and the panels show its alteration as mean arterial pressure and
mean pulmonary artery pressure change. (E) Left (P< 0.0001) and (F) right (NS) ventricular
stroke work are similarly presented related to mean arterial pressure and mean pulmonary
artery pressure. /= 23 states modeled, with constant pVAD speed (V= 22 for RV dP/dfnax
due to catheter disruption). Linear regression was performed to confirm validity of trends.
Corresponding curves and the square of the multiple correlation coefficient are denoted for
correlations of statistical significance, determined by P value < 0.05.

Sci Transl Med. Author manuscript; available in PMC 2024 October 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Lamberti et al.

Systemic Pulmonary
A Transvascular pressure gradient
7' p<0.05 7 ® P <0.001
< |R%2=043 @ = R? =081
E® Ee
o ®
25 25
@] Q
o4 Oy
3 3
20 40 60 80 100 5 10 15
Transsystemic gradient (mmHg) Transpulmonary gradient (mmHg)
B Vascular resistance
T Ns A @ P < 0.0001
< o = R2=0091
E® Ee
U 2
25 °® 25
Q ’ Q
o4 ® O Oy
o @]
3 ® e 3
800 1000 1200 1400 1600 1800 0 100 200 300 400
Systemic vascular resistance Pulmonary vascular resistance
(dyn/s/cm5) (dyn/s/cms)
C Vascular compliance
7I'NS 7 ()
< ® <
E® Ee
(2] (2]
85 ® o g 5 o
= 4 L S o
Q ® Q
O4r @ ® Oy
[ ® P <0.001
3 09 3 s R? =069
1.5 2 25 3 35 2 4 6 8
Systemic vascular compliance Pulmonary vascular compliance
(ml/mmHg) (ml/mmHg)
D Vascular RC constant
T Ns 7 ° P <0.01
= e = °® R%=061
£5 Ee
2] %]
8s % 2
sl e 8 g
34 T 3, o
o0 °
3 O
® 3
1 2 3 4 0 0.5 1

Systemic time constant (s)

Pulmonarytime constant (s)

Fig. 2. Differencesin systemic and pulmonary vascular mechanics.

The figure presents cardiac output across the spectrum of states modeled in the five
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animals with pVAD support in response to four different factors: (A) transsystemic pressure
gradient (mean arterial pressure-right ventricular end-diastolic pressure) (£ < 0.05) and
transpulmonary pressure gradient (mean pulmonary arterial pressure—left ventricular end-

diastolic pressure) (P< 0.001), (B) systemic vascular resistance (NS) and pulmonary
vascular resistance (P < 0.001), (C) aortic compliance (NS) and pulmonary vascular
compliance (P < 0.001), and (D) systemic RC time constant (NS) and pulmonary RC

time constant (P< 0.01). /=13 states with triplicate thermodilution, with constant pVAD
speed (V=11 for measurements involving transpulmonary pressure gradient due to catheter
disruption). Linear regression was performed to confirm validity of trends. Corresponding
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curves and the square of the multiple correlation coefficient are denoted for correlations of
statistical significance, determined by Pvalue < 0.05.
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Fig. 3. Pulmonary vascular compliance deter mines pVAD utility for left ventricular function.
Shown is the degree of benefit achieved across pVAD speed sweeps for the left ventricle in

relation to pulmonary vascular compliance at each of the states modeled in the animals.
Left ventricular benefit was measured by changes in (A) left ventricular end-diastolic
volume (P< 0.001), (B) left ventricular maximum pressure slope, dP/dfnax (P < 0.05),

(C) left ventricular afterload, determined by systemic arterial elastance (£ < 0.05), (D) left
ventricular stroke volume (P< 0.01), and (E) left ventricular stroke work (P< 0.01). N/

= 21 complete pVAD speed sweeps. Corresponding curves and the square of the multiple
correlation coefficient are denoted for correlations of statistical significance, determined by
Pvalue < 0.05.
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Dynamic measure via pVAD speed sweep

8

Pulmonary vascular compliance (ml/mmHg)

The correlation between right ventricular afterload and pulmonary vascular compliance is
shown across the range of states modeled in the five animals with pVAD support. Right
ventricular afterload was measured at (A) static points in time and constant pVAD speed and

(B) across pVVAD speed sweeps to create a dynamic stimulus. V= 23 states modeled.
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Fig. 5. Transpulmonary hysteresis measures pulmonary vascular compliance and predictsright
heart tolerance.

Shown is an example of (A) a hysteretic transpulmonary relationship between mean
pulmonary artery pressure (mPAP) and left ventricular end-diastolic pressure (LVEDP)
across the respiratory cycle in one animal with constant p\VVAD support at a steady
physiological state. A corresponding example of (B) a nonhysteretic transsystemic
relationship between mean arterial pressure and right ventricular end-diastolic pressure

is similarly shown for one animal with constant pVAD support at steady state. (C)

The relationship between pulmonary vascular compliance and area of the transpulmonary
hysteresis loops is shown for the spectrum of states modeled in the five animals with pVAD
support. V=23 states modeled, A< 0.001. (D) The resulting correlation between right
ventricular stroke work, representing right heart tolerance to pVVAD support, and the percent
change in transpulmonary loop area across pVVAD speed sweeps is presented across the
range states modeled in all animals. A//= 21 complete pVVAD speed sweeps, £ < 0.0001.
Linear regression was performed to confirm validity of trends. Corresponding curves and
the square of the multiple correlation coefficient are denoted for correlations of statistical
significance, determined by Pvalue < 0.05.

Sci Transl Med. Author manuscript; available in PMC 2024 October 08.

area

across pVAD speed sweep (mmHg?)



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Lamberti et al.

Page 24

A B C
24r _15¢ 1 =

) 2 2

I E 7 E

€ 22 £ £

£ =65 e

220} - g

8 8 &

&18f 5550

3 ; 5

% 16} 8 5t ki

z S4s) 2

2 141 2 5

g § 4 E

- 3

812 B35 e

c c L

S o S

S 10/ [} ® P2l % 3 @ 1 2 e [ J

® Ps z P<0.0001 | @20 P<0.01
8 251 R® =0.05 ] R* =0.31
0 5 10 15 20 0 500 1000 -05 0 05
Left ventricular end-diastolic pressure (mmHg) Transpulmonary loop area (mmHg?2) % Change transpulmonary loop area

across pVAD speed change (mmng)

Fig. 6. Human pVAD speed sweeps validate prediction platform.
Trends across pVAD speed sweeps are shown for a corresponding retrospective dataset

of eight human patients with pVAD support during high-risk percutaneous coronary
intervention. (A) Shown is an example of transpulmonary hysteresis loops for one patient

at low and high pVAD speeds. (B) The correlation between pulmonary vascular compliance
and area of the transpulmonary hysteresis loops is presented for the spectrum of states across
the eight patients. V=40 states assessed, £ < 0.0001. (C) The corresponding trend between
right heart tolerance to left ventricular support, measured by systolic pulmonary artery
pressure, related to percent change in transpulmonary loop area is shown for the spectrum

of states across all eight patients. /=26 pVVAD speed changes, £< 0.01. Corresponding
curves and the square of the multiple correlation coefficient are denoted for correlations of
statistical significance, determined by Pvalue < 0.05.
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