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Abstract

Heart transplantation is a life-saving procedure for patients with end-stage
heart failure. However, conservative acceptance criteria result in most do-
nated hearts being discarded. Enabling clinicians to assess heart function
after organ procurement can pave the way for the safe use of hearts that are
currently rejected. This thesis focuses on improving techniques for the direct,
controlled assessment of a recovered heart’s hemodynamic performance. The
first paper reviews ex situ working heart models and cardiac afterload de-
vices, discussing challenges in emulating cardiac afterload and detailing an
experimental method for a working porcine heart model. Paper II analyzes
Windkessel models, which are the standard cardiac afterload model. It as-
sesses their applicability and limitations, and presents a method for iden-
tifying model parameters from sampled data. The analysis concludes that
complex models like the 4-element Windkessel model are not identifiable
from relevant experimental data. The third paper reformulates traditional
Windkessel models for a more accurate representation of hemodynamic re-
sponses. Using power as model input, the paper offers a more physiological
representation of the hemodynamic response to various afterloads, aiding in
afterload device design. In Paper IV, the efficacy of a pneumatic afterload de-
vice creating a range of physiological loading conditions is investigated in six
porcine hearts. The experiments show the concept’s utility in testing hearts
under multiple conditions. Paper V introduces an actively controlled vari-
able flow resistance, demonstrating its ability to reproduce a wide range of
afterload dynamics while enforcing safe pressure limits for heart assessment.
The afterload concept, outlined in Paper I, is investigated in silico using the
methods from Paper III. A physical prototype and pilot experiments led to
a patent submission for the design. These papers advance functional heart
assessment by both refining Windkessel-model-based simulation tools (Pa-
pers IT and IIT) and exploring novel afterload device concepts (Papers I, IV,
and V). Together, they constitute a step towards clinical implementation
of technology that can safely enable more transplantations by providing an
improved basis for decision-making.
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Nomenclature

The following terminology and abbreviations are used in accordance with the
European Directorate for the Quality of Medicines & HealthCare’s Guide to
the Quality and Safety of Organs for Transplantation [EDQM, 2022]. They
pertain to Chapters 1 and 2.

Terminology Description

Recovery

Ex  situ, in
situ; ex vivo,
in vivo

The removal of a solid organ (i.e., heart) from a donor.
The term is not used to refer to an organ that has regained
function or become healthy again following some damage.
The terms in situ and ex situ are preferable when referring
to organ preservation strategies, as they refer to organs
from an individual already declared dead (ex situ trans-
lating to “out of position"). Therefore, ez situ refers to an
organ outside of a deceased donor, while in situ refers to
an organ inside a deceased donor. However, some use vivo
instead of situ (with ez vivo translating to “outside the
living", which may be justified if considering the organ’s
position from the perspective of the potential recipient).
In Chapters 1 and 2 I follow the situ convention, while in
the enclosed papers we use vivo.

Abbreviation Description

DBD
DCD
ECMO
MP
NIHP
NRP
0CS
SCS
WLST

donation after brain death

donation after the circulatory determination of death
extracorporeal circulation with membrane oxygenation
machine perfusion

non-ischemic heart preservation

normothermic regional perfusion

(TransMedics) Organ Care System

static cold storage

withdrawal of life-sustaining treatment

13



1

Introduction

Heart transplantation is often the only treatment option for patients with
end-stage heart failure. Although the number of transplantations performed
each year continues to grow in Europe, waiting lists persist due to the limited
availability of donor organs [Dominguez-Gil, 2022]. One factor constraining
the number of available organs is uncertainty regarding organ quality. This
is especially true after transportation using today’s standard method, static
cold storage (SCS), during which the oxygen-starved organ incurs ischemic
damage. Organ quality uncertainty leads to a conservative organ selection
approach, which in turn leads to a large number of organs being discarded.
Today, two thirds of potential donor hearts in Sweden are discarded, and the
situation is similar globally! [Dominguez-Gil, 2022; GODT, 2023].

The advent of non-ischemic heart preservation (NIHP) technology has
opened up new opportunities for evaluating donor hearts ex situ prior to
transplantation. NIHP uses machine perfusion to keep the heart oxygenated
during transportation, alleviating the typical 4-hour time constraint on out-
of-body time for the organ [Steen et al., 2016; Nilsson et al., 2020; McGiffin
et al., 2023]. This extra time enables transportation of the organ over larger
geographical distances, as well as functional assessment of the organ. The
objective of functional assessment is to provide clinicians with more informa-
tion about the quality of each organ, to enable safe use of hearts that would
otherwise be discarded. A flow-chart comparing the current standard of care,
SCS, with the proposed method of NIHP and functional assessment is shown
in Figure 1.1.

Ez situ functional assessment is performed using a working heart model
where the organ beats a blood-like perfusate against a mechanical load con-
trolled to have a flow impedance similar to the body’s vasculature, and ex-
ample of which is shown in Figure 1.2. The mechanical load is also known as
an afterload device. By contrast, in a non-working—or Langendorff—model

I Comparing the number of reported heart transplants to the number of actual deceased
organ donors.
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Chapter 1. Introduction
R
SCS
B

D A R

NIHP v NIHP

)<=

Figure 1.1 Timelines illustrating the current standard of care, static cold
storage (SCS, top), and the proposed method, non-ischemic heart perfusion
(NIHP) with functional assessment (bottom). The blue line indicates is-
chemic time, when the heart is without oxygen. The heart is recovered at
the donor hospital (D). In the current standard of care, the decision to use
the heart and selection of recipient (<—R) done using the the limited in-
formation available at the donor hospital. The heart is then transported to
the recipient hospital (R) using SCS. In the proposed method, the heart
is transported to a centralized assessment center (A) using NIHP, avoiding
ischemia during transport. Based on the results of a functional assessment,
the recipient is chosen and their hospital initiates the transplantation pro-
cedure. The heart is transported with NIHP from the assessment center
(A) to the recipient hospital (R). Alternatively, the assessment could be
performed at a donor or potential-recipient hospital.
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Chapter 1. Introduction

Figure 1.2 Afterload device (right, grey) that the heart (bottom) pumps
blood against. The device should enable control of systolic and diastolic
pressure, so the heart’s pumping function can be evaluated under safe and
realistic conditions. Photo from [Pigot et al., 2022].

the heart beats empty while perfusate in the aorta is externally pressurized
to facilitate blood flow to the heart itself. A working heart model allows for
direct observation of the hemodynamic function of the heart, i.e., the car-
diac output it can produce and the associated atrial, ventricular, and arterial
pressures. Different loading conditions can be used to represent different indi-
viduals (i.e., prospective heart transplant recipients) under varying exertion
levels. Loading conditions may also be adjusted to account for pathologies
such as hypertension, or to investigate how the heart responds to the pro-
gression of a disease that affects afterload.

Ideally, an afterload device enables independent adjustment of systolic
and diastolic arterial pressures, even under varying cardiac output. Typical
porcine in vivo aortic pressure and flow waveforms is shown in Figure 1.3,
with systole and diastole marked for each cardiac cycle. Setting a lower
bound on diastolic pressure (during heart relaxation) helps ensure adequate
coronary perfusion, which primarily occurs during diastole and depends on
the pressure gradient between the aorta and right atrium. Systolic pressure,
which occurs as the heart contracts, is limited by the inotropic ability of the
heart. None the less, it is important to maintain an upper bound on systolic

16



Chapter 1. Introduction

Systole

Diastole

140

Aortic
Pressure [mmHg]

120

Aortic
Flow [L/min]

| | | ! | | | | | |
0 02 04 06 08 1 12 14 16 1.8 2 22 24

Time [s]

Figure 1.3 Three cardiac cycles illustrating typical porcine in vivo aor-
tic pressure (top) and flow (bottom) waveforms. Systole and diastole are
marked for each cycle by red and blue shading, respectively. Data from ex-
perimental results published in [Pigot et al., 2022].

pressure so as not to subject the heart to excessive stress. This is particularly
important ex situ, where the heart lacks the protective pleura that helps pre-
vent ventricular overdistension in vivo. Similarly, the denervated heart lacks
feedback to the vasomotor center from baroreceptors in the aorta and carotid
arteries that otherwise help regulate blood pressure [Guyton and Hall, 2006].
As such, it is desirable for an afterload device to be able to enforce both
upper and lower bounds on systolic and diastolic pressures, respectively.
This thesis aims to contribute to the development of a new method for
assessing the quality of donor hearts by providing modelling tools as well
as presenting novel approaches to afterload device design and control. In
particular, classic lumped-parameter models of cardiac afterload dynamics
are evaluated and expanded upon to better facilitate in silico development of
cardiac afterload devices. Two novel afterload device designs are investigated:
one via computer simulation with the developed models and another using
preclinical porcine experiments. Implementation of these methods may help
increase the number of available donor hearts by providing clinicians with
more information about the quality of each organ, as well as enabling the safe
adoption of new, promising procedures such as the use of extended criteria
donors and donation after the circulatory determination of death (DCD),

17



Chapter 1. Introduction

discussed further in Chapter 2. Here, I present a summary of the enclosed
published works, followed by a brief overview of how heart transplantation
is done today. The Background is proceeded by a book chapter, enclosed as
Paper I, that elaborates on the working heart model and afterload devices.
Paper I may be considered as a third part of the introductory material.

1.1 Included publications

Paper |

H. Pigot, K. Soltesz, S. Steen (in press, 2024). “Ex vivo working
porcine heart model”. In: Experimental Models of Cardiovascular
Diseases. 2nd ed. Methods in Molecular Biology. Humana Press,
New York, NY

The first work presented here is a book chapter which serves as a tech-
nical and methodological overview of the working heart model. The chapter
includes a detailed step-by-step guide to the experimental model using pig
hearts. Particular focus is given to the history and state-of-the-art of after-
load devices.

Paper II

H. Pigot, J. Hansson, A. Paskevicius, Q. Liao, T. Sjoéberg,
S. Steen, K. Soltesz (Jan. 2021). “Identification of cardiac af-
terload dynamics from data”. IFAC-PapersOnLine. 11th IFAC
Symposium on Biological and Medical Systems BMS 2021 54:15,
pp. 508-513. DOI: 10.1016/j.1ifacol.2021.10.307

In the body, cardiac afterload for the left side of the heart is the result of
the systemic arterial vasculature, which carries oxygenated blood to the body.
For the right side of the heart, it is determined by the pulmonary arterial
vasculature, which carries deoxygenated blood to the lungs. An afterload
device used in a working heart model aims to mimic the vascular impedance of
the body. When considering afterload designs, it is helpful to investigate the
standard mathematical models of vascular impedance, so called Windkessel
models. While Paper I introduces the history and implementation of these
models, Paper II presents an analysis of the 2-; 3-, and 4-element Windkessel
models. Each variant of the model is fitted to experimental data, and the
suitability of such an approach is evaluated using sensitivity and persistence
of excitation analyses. The analyses show that clinically-feasible experimental
data do not meaningfully support more complex models than the standard
3-element Windkessel model.

18
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1.1  Included publications

Paper Il

H. Pigot and K. Soltesz (June 2022). “The differential-algebraic
Windkessel model with power as input”. In: 2022 American
Control Conference (ACC), pp. 3006-3011. por: 10 . 23919 /
ACC53348.2022.9867889

Traditional Windkessel models take one of arterial pressure or flow as in-
put, and output the other. This presents a limitation when using the model
as a simulation tool for designing and assessing afterload devices. As after-
load changes in the body, it results in changes to both pressure and flow.
This behavior is not captured by the standard Windkessel models. Take for
example a model with arterial flow as the input. With flow fixed as pre-
determined input values, an increase in afterload will result in an increase in
arterial pressure without any bound. As such, the resulting cardiac power in
simulation (the product of arterial flow and pressure) is a responding variable
determined by the controlled afterload parameters, and does not reflect the
physical limitations of the heart as a pump.

It is more realistic to consider the heart as a power source, with both
pressure and flow responding to changes in afterload. Paper III reformulates
the traditional Windkessel model to use power as the input, and output both
arterial flow and pressure. The model is able to capture the behavior of the
standard Windkessel models while also simulating responses to changes in
the heart’s inotropic response, such as arrhythmias. This provides a more
physiological representation of the response to various afterloads, offering a
useful tool in the design and simulation of afterload devices for ex situ heart
assessment (as in Paper V).

Paper IV

H. Pigot, K. Soltesz, A. Paskevicius, Q. Liao, T. Sjoberg, S.
Steen (Sept. 2022). “A novel nonlinear afterload for ex vivo heart
evaluation: Porcine experimental results”. Artificial Organs 46:9,
pp. 1794-1803. por1: 10.1111/aor. 14307

As discussed in Paper I, existing approaches to afterload device design
often rely on verbatim implementations of the Windkessel model using dis-
crete resistive and compliant elements, and may be supported with pumps
to actively maintain a lower bound on diastolic pressure. Beyond controlling
the systolic and diastolic limits with an afterload device, it is desirable for
the form of the arterial waveforms to follow that observed in wvivo, which
helps ensure proper valve function and coronary perfusion. The Windkessel
approach aims to achieve such physiological pressure waveforms (see Paper
II). However, multiple elements must be adjusted simultaneously to make
independent adjustments of systolic or diastolic pressure, and an afterload

19
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Chapter 1. Introduction

device purely based on Windkessel elements is not able to enforce hard upper
and lower bounds on these pressures.

In Paper IV an alternative afterload device concept is presented and inves-
tigated experimentally using n = 6 pig hearts. The design uses a pressurized
cuff, through which the heart forces perfusate. By controlling the pressure
levels in the cuff, the device aims to enforce set systolic and diastolic limits
on a beat-to-beat basis. Measured hemodynamics in vivo and ex situ were
compared. The experiments show that the device is able to produce a variety
of physiological afterload conditions. However, non-ideal pressure valve be-
havior and the lack of arterial pressure feedback in the pressure control loop
requires user-input to adjust for some static errors in the set pressure levels,
especially during systole.

Paper V

H. Pigot, Y. Wahlquist, K. Soltesz (Jan. 2023). “Actively
controlled cardiac afterload”. IFAC-PapersOnLine. 22nd IFAC
World Congress 56:2, pp. 6484—6489. DO1: 10.1016/j.ifacol.
2023.10.863

The afterload device presented in Paper V is based on a simple oper-
ating principle and aims to address the drawbacks of the aforementioned
devices. The paper investigates via simulation the use of a variable flow re-
sistance controlled at high bandwidth to allow the reproduction of a wide
variety of afterload dynamics. The addition of an auxiliary flow between the
resistance and the artery allows the emulation of compliant behavior (i.e.,
fluid flow from the aorta into the coronary arteries during diastole). Further-
more, the device is designed to continuously enforce hard upper and lower
bounds on systolic and diastolic pressures, respectively, by rapidly decreasing
or increasing its resistance. A control strategy is demonstrated that repro-
duces Windkessel model dynamics while also enforcing pressure bounds for
improved safety during heart assessment.

1.2 Patent application

A prototype of the afterload concept presented in Paper V has been devel-
oped, show in Figure 1.4, and is briefly described in Paper 1. Pilot experi-
ments with the proof-of-concept prototype informed the patent application
“Afterload for Heart Evaluation”, filed 2023-05-17 with Sveriges Patent- och
registreringsverket. Prototype development is ongoing.
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1.8 Other publications

Figure 1.4 Prototype of the actively controlled afterload concept pre-
sented in Papers I and V. Photo by Johan Persson.

1.3 Other publications

A number of complimentary, but not directly related, peer-reviewed works
were excluded from this collection. They are listed in Chapter 3.
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2

Background

Solid organ donation can be divided into two general categories: donation
after brain death (DBD) and donation after circulatory determination of
death (DCD). In DBD, the donor organs continue to be perfused with oxygen-
rich blood following declaration of donor death, contrasting DCD where the
organs are ischemic (lacking oxygen) for a period surrounding the declaration
of death. Timelines comparing DBD and DCD are shown in Figure 2.1. In
2022, 77 % of solid organ transplantations reported worldwide were DBD.
Considering hearts alone, the proportion rises to 94 % [GODT, 2023] DBD.
This difference reflects the heart’s sensitivity to ischemic damage, being the
most sensitive of the donated organs due to its high metabolic rate. There
is a higher risk of ischemic damage with DCD, and as such the adoption of
DCD heart transplantation has been much slower than for other organs.

In the following section I present DBD and DCD as they are done in
Sweden, which is where the research in the enclosed papers was conducted.
The DBD and DCD process in Sweden is indicative of other EU countries.
In particular, I highlight how the processes differ in clinical implementation
today and their role in meeting the growing demand for donor hearts.

2.1 Addressing the donor heart shortage

Despite its challenges, DCD presents an opportunity to significantly increase
the number of organs available for transplantation. This potential is driv-
ing research and innovation to improve the safety and accessability of DCD
transplantation. Though still less than a quarter of total donations, DCD saw
exceptional growth in the European Union from 2021 to 2022—up 42.7 %
to 2843—while the number of DBD organ donations grew by just 2.7% to
9166 [GODT, 2023]. In the Netherlands, DCD donors accounted for 59 %
of all donated organs [Dominguez-Gil, 2022]. However, the number of DCD
heart transplants remains low, with only Belgium, the Netherlands, Spain,
Australia, the UK, and the USA reporting DCD heart transplants in 2022
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Figure 2.1 Timelines comparing the donation after brain death (DBD)
and donation after circulatory determination of death (DCD) processes.
In DCD, recovery should happen as quickly as possible after the no-touch
period to minimize warm ischemia time. In DBD, organ transportation is
typically done with static cold storage (SCS). DCD is generally done with
a recipient in the same facility or is transported using a machine perfusion
device to minimize further ischemia following the declaration of death; the
latter is illustrated here. WLST: withdrawal of life-sustaining therapy. sOa2:
blood oxygen saturation. BP: blood pressure.

[Dominguez-Gil, 2022]. In Sweden, clinical trials using DCD donors began
in 2018, and in 2022 changes were made to national transplant law to make
DCD donation possible as a part of standard clinical practice [ Vdvnadsrddet,
2020; Socialstyrelsen 2022]. However, DCD heart transplantation is still not
performed in Sweden.

2.1.1 Donation after brain death

To understand the additional challenges in recovering hearts from DCD
donors, it is helpful to first consider the typical DBD process. DBD occurs
when donor death is determined using neurological criteria, typically in pa-
tients with traumatic brain injury or who have suffered a stroke [EDQM,
2022]. Although exact definitions vary from country to country, brain death
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is characterized by a complete and irreversible loss of brain function. Impor-
tantly, organ-preserving treatment such as mechanical ventilation continues
following the determination of death in DBD, ensuring oxygenation of the
organs.

As outlined by [Socialstyrelsen 2022], the process of DBD organ dona-
tion starts with the decision point when further treatment of a patient is no
longer deemed meaningful, i.e., for whom recovery of brain function is not
plausible. Two licensed doctors collectively decide not to initiate or continue
life-sustaining therapy, and the decision is documented in the patient’s jour-
nal. A meeting is held to inform the next of kin. A transplant coordinator
is notified of the potential donor’s identity. Prior to the decision point, the
doctor may communicate anonymized medical information about a potential
donor to the transplant coordinator.

After the decision point, organ-preserving treatment begins with the aim
of conserving organ function or improving conditions for transplantation.
The treatment is usually the intensive care that the patient has already
been receiving, but may be supplemented or adjusted!. Palliative care is
provided simultaneously, and always takes precedence over organ-preserving
treatment. Furthermore, organ-preserving treatment may only be given if
the treatment cannot wait until after death, does not cause significant pain
or harm to the donor, and does not hinder treatment for the patient’s own
benefit [Riksdagen 2022]).The patient’s will to donate is investigated in ac-
cordance with §3 of the transplant law [Riksdagen 2022]. Healthcare staff
check the donor registry for the patient’s preferences, and the next of kin
are consulted.Consent to post-mortem organ donation automatically covers
associated organ preservation treatment and medical eligibility assessment.

Once the patient’s will to donate has been confirmed, assessment of a
patient’s medical suitability for donation may begin. The assessment is done
by a doctor who is not involved in the care of any potential organ recipient
and may involve reviewing medical records, collecting information about ill-
nesses or potential contraindications, physical examination, laboratory test-
ing, and radiographic examinations [Socialstyrelsen 2022; EDQM, 2022]. As
with organ-preservation treatment, assessment may not cause significant pain
or harm to the patient.

Following chapter 4 of national regulation [SOSFS 2022], brain death
is determined using two clinical neurological examinations, and noted in
the patient’s records. Following the declaration, additional organ-preserving
treatments may begin, as well as continuation of previous organ-preserving
treatments. Such treatments are conducted with respect for the deceased

L Organ-preserving treatment given before the declaration of death may be referred to
as ante mortem interventions, though that term is generally reserved for the DCD case
where life-sustaining therapy is withdrawn prior to declaration of death.
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and their next of kin. Ongoing preservation enables organ recovery within 24
hours following the declaration of brain death, without compromising organ
quality [Socialstyrelsen 2022].

Organs are recovered by teams from the transplant centers where matched
recipients have been identified. In DBD, the heart is oxygenated until the mo-
ment of recovery, when cardioplegia® is induced and the heart is cooled to
limit ischemic damage. The current standard of care is to transport using
static cold storage (SCS), where the heart is kept in this cold, non-beating
state. The period from the induction of cold cardioplegic, followed by trans-
portation using SCS, until the heart is warmed with oxygenated blood in
the recipient is known as the cold ischemia time. By contrast, warm ischemia
occurs under conditions when the heart lacks oxygen but remains at normoth-
ermic temperatures, which will be discussed below in the context of DCD.
Although the effects are less damaging than warm ischemia, cold ischemia
times exceeding 4 hours have been shown to result in poor post-transplant
patient outcomes using hearts from donors older than 18 years [John et al.,
2019]. An analysis of 30008 heart transplants performed between 2008 and
2018 showed a significant jump in 30-day patient mortality following cold
ischemia times exceeding 4 hours [McGiffin et al., 2023]. In general, hearts
with a cold ischemia time longer than 4 hours are not used in transplantation
[EDQM, 2022; Socialstyrelsen 2022]. As such, transportation using SCS is
typically limited to 4 hours.

Overall, the DBD process provides a relatively long time window for organ
recovery (24 hours), with the heart being oxygenated up until the moment of
recovery. However, the number of patients who die under conditions suitable
for DBD—i.e., brain death while under intensive care at the hospital—is
limited, motivating adoption of DCD. Furthermore, the effects of ischemia
during SCS lead to uncertainty in organ quality following transportation.

2.1.2 Donation after circulatory determination of death

Donation after circulatory determination of death (DCD) occurs when donor
death is declared by circulatory criteria, i.e., no breathing is observed and
pulsatile blood flow is absent, followed by a no-touch period to confirm irre-
versibility of the condition [ Vivnadsrddet, 2020]. The DCD process is similar
to DBD, with a few key differences, as shown in Figure 2.1. If donation
is found to be possible, withdrawal of life-sustaining therapy (WLST) oc-
curs following the decision point and investigation of the patient’s will and
suitability to donate. WLST includes stopping mechanical ventilation, the
administration of drugs, or any other treatments used to sustain a patient
in critical condition. After WLST, ante mortem interventions to support or-

2 A non-beating state induced by infusion of an electrolyte solution, resulting in lowered
metabolic activity.
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gan donation may begin, in a manner similar to the DBD case though more
restrictive, as discussed further in the next section. As the donor’s circu-
latory system comes to a stop, blood pressure and oxygen saturation fall,
leaving the organs in a warm ischemic state. Warm ischemia causes organ
damage more quickly than cold ischemia, due to ongoing metabolic activity.
The period of warm ischemia continues as circulatory arrest is observed, the
no-touch period of 5minutes® elapses, and death is declared. The warm is-
chemia time ends only once the heart is cooled (as with SCS preservation,
starting cold ischemia) or machine perfusion is applied to stop ischemia, as
discussed in Section 2.2. The resulting ischemic damage to the organs is a
critical difference between DCD and DBD. In the absence of organ perfusion,
procurement and preservation must occur as soon as possible following the
declaration of death to maintain organ viability®.

Compared to DBD, DCD introduces additional clinical challenges, while
also presenting more opportunities to respect a patient’s will to donate or-
gans after death by broadening the circumstances under which a patient
can become a donor. The increased risk of warm ischemic damage results
in greater organ quality uncertainty at the time of recovery and less margin
for further ischemia following the declaration of death. In order to increase
the safe use of DCD hearts, a number of strategies are being investigated to
improve the assessment of DCD organs and limit ischemic damage during the
transplantation process. Some of these strategies are illustrated in Figure 2.2,
and discussed in the following sections.

2.2 Heart preservation

2.2.1 Ante mortem interventions

In DCD, organ preservation measures taken after WLST but prior to the
declaration of death, so called ante mortem interventions, aim to minimize
the deleterious effects of warm ischemia. Ante mortem interventions include
the use of drugs such as heparin, steroids, or vasodilators, as well as cannu-
lation or marking of vessels in preparation for post mortem perfusion. These
interventions are part of standard clinical practice in several european coun-
tries, while others are still undergoing preclinical or clinical trials [Lomero
et al., 2020; EDQM, 2022]. One such example is automated stabilization of
patient blood pressure following WLST. Our group showed the prevention of

3 Most european countries have a no-touch period of 5 minutes, with 10 minutes in a few
exceptions, and 20 minutes in Italy [Lomero et al., 2020].

4The current Swedish protocol for DCD [Védvnadsrddet, 2020] specifies that the time
between cardiac arrest and organ preservation (i.e., machine perfusion)must be less
than 30 minutes for DCD lung donation to be possible. Shorter times could be expected
in a similar protocol for hearts due to their higher sensitivity to ischemic damage.
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Figure 2.2 Timeline illustrating strategies for assessment and organ
preservation in donation after circulatory determination of death (DCD).
Following standard organ-preserving treatment prior to WLST, such as
those used in DBD, ante mortem interventions (e. g., heparin) may be ad-
ministered prior to the declaration of death to improve conditions for organ
donation. Machine perfusion strategies such as non-ischemic heart preserva-
tion (NIHP) can be used to allow DCD hearts to be transported to remote
centers without extending ischemia time. Normothermic regional perfusion
(NRP) can help shorten warm ischemia time (WIT) by providing organ
perfusion in situ prior to recovery. NRP also allows for basic functional as-
sessment before organ recovery. Ez situ functional assessment (ESFA), using
a working mode system, enables functional assessment between recovery and
transplantation, e.g., at a centralized assessment facility, or at the recipi-
ent hospital. Although these strategies are illustrated for DCD, they could
also be used to facilitate safe procurement from other non-standard risk
donors (e. g., older DBD donors, or those requiring longer transport times).
WLST: withdrawal of life-sustaining therapy. sO2: oxygen saturation. BP:
blood pressure.

ischemic myocardial contracture—a sign of ischemic damage—by automat-
ing vasodilator and vasoconstrictor drug dosing to control blood pressure in
a porcine DCD donor model [Wahlquist et al., 2021]. Recent revisions to
Swedish transplant law provides legal grounds for ante mortem interventions
(§3 and §4 following change SFS 2022:582), supporting clinical adoption of
DCD [Riksdagen 2022].

2.2.2 In situ machine perfusion

Machine perfusion (MP) of the heart can be used to preserve organs after
declaration of donor death. Rather than slowing the onset of ischemic damage
by reducing the metabolic activity as in SCS, MP aims to prevent ischemia
by actively perfusing the organs with an oxygenated solution.
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Normothermic regional perfusion (NRP) is an in situ MP strategy using
extracorporeal circulation with membrane oxygenation (ECMO) or a similar
perfusion setup to supply oxygenated blood to the abdominal and thoracic
organs® while excluding cerebral circulation to mitigate the risk autoresusci-
tation. The technique is a relatively simple and inexpensive means of keeping
the organs perfused until they are recovered.

2.2.3 Ex situ machine perfusion

Organ preservation using MP can also be performed ex situ, after the organ
has been recovered from the donor. A key advantage of ex situ MP over NRP
is that it enables organ preservation during transportation, using a portable
perfusion device. [Qin et al., 2022] provides a comprehensive overview of cur-
rent MP strategies for heart preservation, and [Hatami et al., 2023] considers
the topic in the context of enabling transplantation of DCD organs. By elim-
inating cold ischemia time during transport, ex situ MP can enable organ
transport beyond the typical 4 hour time constraint and facilitate functional
heart assessment at facilities other than the donor hospital.

Today, the only commercially available, clinically approved ez situ heart
perfusion device for transplantation is the TransMedics Organ Care System
(OCS). The OCS keeps the heart in a normothermic, empty-beating state®.
One multicenter heart transplant study has been done with the OCS, us-
ing DBD donors for both the OCS and SCS groups. The study showed no
significant difference in patient outcomes between the two groups [Ardehali
et al., 2015]. Other studies have since shown comparable DBD outcomes to
SCS using the OCS, despite longer extracorporeal times in the OCS device.
Initial studies have also shown promising results with DCD hearts, achieving
similar results to DBD hearts preserved with SCS [Messer et al., 2020; Chew
et al., 2019]. An analysis of results at a single center in the United Kingdom
(n = 66) showed that, although extracorporeal times could be extended with
the OCS, time in the machine was strongly correlated with primary graft
disfunction [Avtaar Singh et al., 2019].

An alternative ex situ MP strategy is to keep the heart in a hypother-
mic, non-beating state to limit metabolic activity while still providing oxy-
gen to the heart. This approach, referred as non-ischemic heart preservation
(NIHP)7, perfuses the heart continuously with a nutrient-hormone solution
at 8 °C including clean red blood cells. The method demonstrated safe trans-
plantation after 24 hours of preservation in a porcine model [Steen et al.,

5When NRP is used to perfuse not only the abdominal organs but also the thoracic
organs, the abbreviation TA-NRP is commonly used. Here, I use NRP to refer to TA-
NRP.

6 Otherwise known as Langendorff perfusion.

7 Also referred to as hypothermic MP (HMP), hypothermic oxygenated perfusion
(HOPE), or hypothermic ez situ heart perfusion (H-ESHP).
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2016], as well as promising initial results in a single-center clinical trial [Nils-
son et al., 2020]. A multicenter trial (n = 24) showed safe preservation times
of 7hours with no correlation between extracorporeal time and primary graft
disfunction at 30 days post-transplant [McGiffin et al., 2023], with corrobo-
rating results in a pre-clinical sheep heart study following 8 hours of NIHP
[See Hoe et al., 2023]. Further multicenter and single center clinical trials
are ongoing (NCT03991923 and NCT04066127) and the device used—the
XVIVO Heart Preservation System—is projected to be commercially avail-
able for clinical use within the coming year.

2.3 Heart assessment

There are a number of reasons to reject hearts for use in transplantation,
including poor heart function, structural deformities, coronary artery dis-
ease, long-term diabetes, old age, substance use disorders, expectation of
long ischemic time, and poor donor-recipient matching (e.g., sex, size, im-
munology). Some of these risks can be addressed by in vivo assessments done
before organ recovery. However, in order to address the risks associated with
DCD and other non-standard risk donors®, it is desireable to assess the heart
after declaration of death or transport to ensure that ischemic damage does
not invalidate the organ for safe transplant use.

2.3.1 In situ assessment

NRP provides an opportunity for functional heart assessment in situ, af-
ter the declaration of death and prior to organ recovery. By weaning the
heart from machine-supported perfusion during NRP, echocardiogram and
pulmonary artery flotation catheters have successfully been used to measure
ejection fraction, cardiac output, and atrial pressures [Messer et al., 2017;
Tchana-Sato et al., 2019]. A disadvantage with in situ functional assessment
is that the loading condition of the heart is constrained to that posed by
the donor’s vasculature. NRP does not enable functional assessment under
a variety of cardiac outputs or afterload conditions representing a range of
potential recipients. Furthermore, NRP is constrained to the donor hospi-
tal where clinical expertise and equipment for functional assessment may be
limited. Due to the risk of organ deterioration during trasport, it may be
desireable to instead perform functional assessment along the route to the
recipient, or at the recipient hospital.

2.3.2 Ex situ assessment — a new way forward?

Using hearts from DCD donors or other non-standard risk donors motivates
the use of assessment techniques that can elucidate hemodynamic function

81.e., older donors (> 60 years) or donors with preexisting conditions.
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immediately before, during, or after ex situ preservation. Although the heart
is kept metabolically active in the OCS, functional assessment is limited by
the heart not pumping fluid. Key hemodynamic metrics, such as ventricu-
lar and arterial pressures during contraction and relaxation, as well as the
flow generated by the heart, cannot be assessed using the OCS. The initial
OCS study presented metabolic measurements during perfusion as a possi-
ble indicator of organ suitability for transplantation. This approach has been
called into question and subsequent studies have shown that functional assess-
ment provides more reliable metrics for predicting heart transplant outcomes
[Freed and White, 2015; White et al., 2015; Ribeiro et al., 2020].

The use of an ex situ working heart model for functional heart assessment
enables hearts to be tested under a variety of conditions representative of
potential organ recipients, while simultaneously preserving organ function
via perfusion with an oxygenated, nutrient-hormone solution, as described in
Paper 1.
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Paper I .

FEzx vivo working porcine heart model

Henry Pigot Kristian Soltesz  Stig Steen

Abstract

Ez vivo working porcine heart models allow for the study of a heart’s
function and physiology outside the living organism. These models are
particularly useful due to the anatomical and physiological similar-
ities between porcine and human hearts, providing an experimental
platform to investigate cardiac disease or assess donor heart viabil-
ity for transplantation. This chapter presents an in-depth discussion
of the model’s components, including the perfusate, preload, and af-
terload. We explore the challenges of emulating cardiac afterload and
present a historical perspective on afterload modeling, discussing var-
ious methodologies and their respective limitations. An actively con-
trolled afterload device is introduced to enhance the model’s ability
to rapidly adjust pressure in the large arteries, thereby providing a
more accurate and dynamic experimental model. Finally, we provide a
comprehensive experimental protocol for the Ez vivo working porcine
heart model.

In press as a book chapter for Experimental Models of Cardiovascular
Diseases, 2nd edition (2024). Reprinted with permission.
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1. Introduction

An FEz vivo working heart model is an experimental setup that aims to mimic
the in vivo hemodynamic conditions of the heart outside of the body. Porcine
hearts in particular are used due to their anatomical and physiological simi-
larities to the human heart [Lelovas et al., 2014]. In the working heart model,
the organ is perfused with a blood-like solution, whereby the solution is fed
to the atrium and—Dby the work of the heart—follows the natural direction of
blood flow from the atria to the ventricles and out through the large arteries.
The model enables the study of heart physiology and function in a controlled
environment, isolated from other bodily systems. It is used to investigate the
heart under various physiological, pharmacological, and pathological condi-
tions, leading to a better understanding of cardiovascular diseases and po-
tential treatments.

In the context of heart transplantation, an Ex vivo working heart model
could provide clinicians with functional metrics to assess the viability of a
donor heart. The model enables testing different loading conditions by vary-
ing preload and afterload, which are crucial factors in determining the heart’s
ability to pump blood efficiently. This follows from the Frank-Starling mecha-
nism [Knowlton and Starling, 1912] which describes the relationship between
myocardial stretch in the ventricle and the subsequent force of contraction.
Initial studies suggest that functional metrics of heart performance are better
predictors of transplantation outcomes than the metabolic metrics available
in non-working heart perfusion models such as the commercially available
Transmedics Organ Care System [White et al., 2015; Ribeiro et al., 2020].

The ability to evaluate candidate heart organ function is particularly im-
portant for enabling the use of marginal donor hearts. Marginal donors are
those who would not typically be considered for use in transplantation due
to their age or medical history, or who have undergone circulatory death
(so called DCD donors). Motivated by organ shortages, some countries have
started transplanting organs from DCD donors, and research groups are in-
vestigating a variety of strategies to increase their safe use [Messer et al.,
2023; Joshi et al., 2023; Madan et al., 2022; Soltesz et al., 2018; Wahlquist
et al., 2021; Messer et al., 2016]. Such organs present both an opportunity
and an additional risk. Working heart models offer a platform for evaluating
each marginal organ to ensure its function and evaluate its suitability for a
particular recipient.

Heart transplantation is a highly time-sensitive procedure, and functional
organ evaluation requires time between organ removal and transplantation.
The ischemic time—the period during which the organ lacks perfusion with
a blood-like fluid—has been an important factor in determining the success
of heart transplants. The ischemic time is dominated by the transport of
the organ, and is generally restricted to 4 hours to limit ischemia and reper-
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Figure 1. Ex vivo working heart system overview. Arrows indicate the
movement of perfusate through the system. Perfusate is conditioned and
sent to the preload device, where it enters the left atrium. The perfusate
is then ejected from the left atrium, with perfusate flowing through the
afterload device back to the perfusate conditioning reservoir. Some perfusate
flows through the coronary arteries and out from the right heart to the
reservoir.

fusion damage when using static cold storage (SCS). SCS involves flushing
the heart with a cold cardioplegic solution and transporting it on ice. Non-
ischemic heart preservation (NIHP) is a potential alternative to static cold
storage (SCS), whereby the heart is perfused in a portable machine using an
oxygenated cardioplegic blood-like solution. Preclinical porcine studies have
shown that hearts can be preserved safely with NIHP for 24 h, and its feasi-
bility for clinical use has been shown in an initial study [Steen et al., 2016;
Nilsson et al., 2020]. Machine perfusion strategies like NITHP would enable
the transition of an organ from the donor, to a working heart model for
functional evaluation, and from the evaluation to the recipient with minimal
total ischemic time.

1.1 Working heart model overview

A typical working heart model is illustrated as a block diagram in Figure 1,
wherein the left side of the heart is working. The key components are the
heart, perfusate, perfusate conditioning, preload device, and afterload de-
vice. The perfusate is a blood-like fluid for transporting oxygen, nutrients,
and hormones to the heart. Perfusate conditioning includes oxygenation, tem-
perature control (typically together via an oxygenator connected to a heater-
cooler), arterial filtration, and the addition of drugs or other additives for
the maintenance of heart function or experimental intervention. In particular,
the ex vivo heart has no contact with the pituitary gland and brain stem, ne-
cessitating pharmacological support via the perfusate to regulate heart rate,
contractility, and vascular tonus as described in [Steen et al., 2012].

The preload device is used to set the degree of stretch experienced by
the ventricle at the end of diastole, which affects cardiac output according
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to the Frank-Starling mechanism. This is typically done by setting the mean
atrial pressure, for example by controlling the height of a perfusate column
that feeds the atrium. The perfusate is then pumped by the heart from
the ventricle through the afterload device, which controls the impedance
that the ventricle must overcome to eject blood during systole (analogous to
vascular impedance in vivo). From the afterload device, the perfusate returns
to the perfusate conditioning system, before arriving back to the heart via
the preload device.

When testing only the left-side of the heart, the right atrium and ventricle
should be vented to prevent pressure build-up. The preload and afterload
setup can be mirrored to the right side of the heart with reduced pressures,
making a biventricular working heart model. Although less common, right-
heart-only working mode can be done, provided that coronary perfusion is
accounted for, e. g., by Langendorff perfusion of the aortic root [Langendorff,
1895].

In addition to the basic functional blocks, measurement transducers and
data acquisition can be used to monitor parameters such as pressure, volume,
flow, temperature, and electrical activity. Pacing may also be used to up-
regulate the heart rhythm during experiments.

1.2 Working heart model objectives

To test a variety of working conditions, the ex vivo working heart model
should allow independent adjustment of the following parameters, to within
the limits defined by the ability of the heart under test: cardiac output, and
systolic and diastolic pressures in the large artery. These adjustments are
also reflected in the observed ventricular pressure.

The heart adjusts stroke volume based on venous return, leading to
changes in cardiac output. As such, it is desirable that the preload in the
working heart model can be manipulated to study the heart’s response to
changes in venous return and test different cardiac outputs.

Systolic and diastolic pressures vary between individuals and within a
given individual depending on factors such as exertion, stress, and medical
conditions. Controlling the two, independent of each other and cardiac out-
put, is therefore necessary to emulate the range of physiological and patho-
logical scenarios that a heart may encounter in vivo, from a healthy resting
state to disease states such as hypertension.

Beyond adjusting cardiac output, systolic pressure, and diastolic pressure,
maintaining an upper systolic limit and a lower diastolic limit in real-time,
despite changes in cardiac inotropy, is a desirable safety feature. An after-
load that can maintain pressure between these limits on a beat-to-beat basis
can help ensure adequate coronary perfusion, while also avoiding ventricular
hyperextension.
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Between the set systolic and diastolic pressures, a working heart model
should aim for reasonable pressure-flow dynamics to accurately reproduce
in vivo hemodynamic conditions. An example of such dynamics is the well-
established Windkessel model of cardiac afterload which uses a simple lumped
parameter model to represent the resistance, compliance, and inertance of the
systemic (or pulmonary) vasculature [Westerhof et al., 2009].

1.3 Establishing cardiac afterload

Cardiac afterload is the force the ventricle must exert to propel fluid into
the large artery. In an ex vivo working heart model, we aim to emulate car-
diac afterload using a mechanical device. In constructing such a device, it is
helpful to be familiar with previous attempts to model cardiac afterload in
the literature. Afterload has traditionally been modeled as the relationship
between flow and pressure in the large arteries. The classic model, intro-
duced by Frank at the end of the 19th century, combines discrete resistive
and compliant elements in a lumped parameter circuit model [Frank, 1899].
In these so-called Windkessel models, the elements account for the resistance
and compliance of the systemic vasculature, as shown in Figure 2. Windkessel
models employ a circuit analogy where volumetric flow is represented as cur-
rent, and pressure as voltage. During the 20th century, Frank’s two element
Windkessel model with one resistor and one capacitor was expanded to in-
clude up to 4 discrete elements [Westerhof et al., 2009; Westerhof et al., 1971;
Burattini and Gnudi, 1982], improving its ability to model the pressure-flow
relationship observed in the aorta [Segers et al., 2008].

The first isolated mammalian heart preparation, performed by Martin
in 1881 [Martin, 1881; Fye, 1986], used a simple clamp resistor placed on
the return line from the aorta to the perfusate reservoir. Starling went on
to refine Martin’s simple facsimile of peripheral vascular resistance using
an adjustable resistor in 1912 [Knowlton and Starling, 1912]. The ability to
adjust the heart load helped lead to his publication of the Frank-Starling law
in 1918. Today, working heart models still make use of resistive afterloads,
though improved to better fulfill the aforementioned objectives.

Mechanical implementations of Windkessel models are one such method,
as shown in Figure 3. The compliant element, a sealed chamber containing a
volume of gas, dampens pressure peaks during systole and provides coronary
perfusion back to the heart during diastole. Resistive elements are generally
constructed using a simple clamp on a tube, or a collection of small lumens
in a tube. Detailed construction and benchtop analysis of one such afterload
is provided by [Kung and Taylor, 2011], with [Abicht et al., 2018] illustrating
its application in a biventricular porcine working heart model. A left-side
only device has also been shown in a porcine working heart model, though
it relied on a separate coronary perfusion circuit [de Hart et al., 2011]. An
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Figure 2. Functional sketch of physiological cardiac afterload (a), and
corresponding electric circuit diagram (b). In the body, arterial compliance
(C) comes primarily from the larger arteries e.g., the aorta (AO), and
resistance (Rp) from the peripheral vasculature. In the circuit model, the
heart is a current source, generating aortic blood flow ¢ resulting in aortic
pressure p given C and R,.

advantage of these Windkessel afterloads is that, with correctly adjusted el-
ements, they can produce near-physiological pressure waveforms in the large
arteries [Segers et al., 2008]. However, identifying valid parameter values and
adjusting the elements accordingly is non-trivial [Pigot et al., 2021]. Since the
mid-80s, the ability of these models to adjust aortic pressure in working heart
models has been explored. Fisher demonstrated the use of a computer con-
trolled slide to set mean aortic pressure by varying the peripheral resistance
[Fisher et al., 1984], and included a manually adjustable compliance. More re-
cently, Gellner published results of a working porcine heart using a manually
adjustable Windkessel afterload, though the study did not reproduce physio-
logical diastolic pressures or cardiac outputs [Gellner et al., 2020]. Adjusting
the Windkessel model parameter values (resistance and compliance) has a
coupled effect on systolic and diastolic pressure; adjusting a single element
impacts both the systolic and diastolic pressures, complicating independent
adjustment of the two. This coupling and the mechanical difficulty of rapidly
changing the parameter values make the Windkessel afterload unsuited for
maintaining upper and lower limits on aortic pressure beat-to-beat during
the experiment. Furthermore, diastolic pressure support is limited by the
volume of fluid stored in the compliant element, i.e., if the heart is weak or
stops, the afterload is unable to maintain coronary perfusion for extended
periods. Such support is important to recover performance as the heart is
perfused and reconditioned at the start of the experiment, giving it the op-
portunity to safely stabilize to its full working potential. To overcome the
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Figure 3. Physical implementation of a 4-element Windkessel afterload
model (a) and its equivalent circuit model with the heart represented as
power source w (b). Blood is pumped from the heart through the afterload
made up of a resistive characteristic aortic impedance (R.), inertance of
the ejected blood (inductance) L, vascular compliance (capacitance) C, and
peripheral vascular resistance R,,. This results in aortic pressure p and flow
. In the physical implementation, L is captured by the inherent inertance
of the perfusate fluid. Circuit (b) modified from [Pigot and Soltesz, 2022]
with permission from the American Automatic Control Council.

latter limitation, a pump to facilitate Langendorff perfusion can be added to
the aortic root.

Another afterload implementation uses a pump to force perfusate towards
the aortic root during working mode, generally in combination with a resis-
tive element and sometimes a compliant chamber. The resistor shunts excess
flow away from the aortic root. In systole, perfusate flows from both the ven-
tricle and pump through the resistor. In diastole, with the aortic valve closed,
perfusate flows from the pump through both the resistor and coronary ar-
teries. The afterload resistance, being much lower than the coronary artery
resistance, defines the resulting diastolic pressure according to Poiseuille’s
law. As in the Windkessel model, a compliant element may be added to
dampen pressure spikes during systole, and support diastolic pressure levels.
In contrast to the passive Windkessel model approach, the pump is able to
support diastolic pressure regardless of heart performance, helping to secure
coronary perfusion throughout the ex vivo procedure.

Two examples of such pump-supported afterload methods are shown in
Figure 4 with a centrifugal pump (a) or roller pump (b). The centrifugal
pump differs from the roller pump in two key ways: it has a smooth flow
profile and a lower internal resistance, allowing for negative flow through
the pump. Furthermore, the internal resistance of the centrifugal pump is
proportional to its rotational velocity. As such, afterload on the large arteries
can be adjusted using the speed of the pump, and the shunt resistor can be
small or eliminated entirely. This is the approach taken by Freed’s group,
where pump speed is manually adjusted to set diastolic pressure [White et
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Reservoir

(a) centrlfugal pump supported afterload

E%/—>ii

Aorta , <> Reservoir

-«

( Pump

(b) roller pump supported afterload

Figure 4. Simplified drawings of afterload techniques (a) centrifugal
pump supported, and (b) roller pump supported, with aortic pressure p
and shunt resistor R, and compliance chamber C. Arrows indicate the di-
rection of perfusate flow. The internal resistance of the centrifugal pump in
(a) is proportional to the square of pump velocity.

al., 2015; Hatami et al., 2019]. A similar approach has been demonstrated by
[Schechter et al., 2014] as well as Badiwala’s group who included a manually
adjustable shunt resistor [Hondjeu et al., 2020; Xin et al., 2018].

It is common to see the addition of a compliance chamber as part of the
afterload, which also helps smooth the pulsatile flow coming from the roller
pump [Kobayashi et al., 2020; Snoeckx et al., 1986]. The internal impedance
of the roller pump is high relative to the shunt resistor, so flow only trav-
els towards the attached larger artery and additional load elements (resistor
and compliance). Pump-based afterload methods face the same challenges
as Windkessel-based approaches. The afterload parameters are coupled, i. e.,
a change in one of pump speed or shunt resistance will impact both sys-
tolic and diastolic pressure. Although the pumps ensure a lower bound on
diastolic pressure, unlike the Windkessel based approach, they do not ad-
dress the issue of safely limiting systolic pressure on a beat-to-beat basis.
Without the use of an additional compliance chamber (creating a 2-element
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Windkessel model in combination with the pump) and careful tuning of both
the shunt resistance and compliance for each hemodynamic condition, pump-
based methods do not produce the physiological pressure waveforms that can
be accomplished with a Windkessel afterload. Our group has investigated an
alternative afterload approach using an adjustable pneumatic system based
on Starling’s original design wherein the pressure surrounding a flexible tube
through which the perfusate flows is modulated to control afterload [Pigot
et al., 2022]. The afterload demonstrated physiological loading conditions in
multiple porcine working heart experiments. By enforcing pressure limits on
the gas around the flexible tube, beat-to-beat pressure limiting may be pos-
sible. A disadvantage of the pneumatic system is its elaborate mechanical
design requiring complex geometries and multiple pressure control systems.

1.4 Actively controlled afterload

In order to overcome the aforementioned shortcomings of existing afterload
devices and fulfill the objectives of the working heart model, an actively con-
trolled afterload device can be used. A simple construction using a variable
flow conductance and pump is combined with feedback control principles
to allow the user to program the desired pressure-flow dynamics. A draw-
ing of such a device is shown in Figure 5, and described in detail in [Pigot
et al., 2023]. The basic operating principle is akin to the previously men-
tioned pump-based afterloads, with the key difference that pressure in the
large arteries can be rapidly adjusted. Measurements of the pressure in the
artery and state of the afterload device are used to continuously adjust the
afterload such that it mimics the desired afterload dynamics [Astrom and
Murray, 2021]. For example, the physiological waveforms offered by Wind-
kessel dynamics can be combined with hard upper and lower limits on arterial
pressure to ensure safe conditions for the heart throughout the experiment,
or Windkessel model parameters can be programmed to change throughout
the experiment to represent different disease states or the load presented by
multiple potential transplant recipients [Pigot and Soltesz, 2022; Pigot et al.,
2023].

A more detailed view of an actively controlled afterload device is shown
in Figure 6. Adjusting the position of the plunger u changes the resistance
to fluid flow through the device, with maximum resistance in the fully closed
position u = 0. In systole, flow from both the heart (¢) and the pump (¢)
travels through the variable flow conductance. During diastole the flow from
the pump is divided between flow through the aorta to the coronary arteries
and flow through the conductance. This auxiliary flow provided by the pump
is important for enabling positive arterial pressures even when arterial flow is
zero or negative, as in diastole. As such, the purely resistive plunger device is
capable of delivering volume back towards the heart, as arterial compliance
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Figure 5. Simplified drawing of actively controlled afterload, with aortic
pressure p. Variable flow conductance R is adjusted to achieve the desired
aortic pressure-flow dynamics. A pump provides auxiliary flow to the aortic
root, which is shunted through R together with flow from the aorta. The
flow returns from the afterload device to the perfusate reservoir.

does in the body. A roller pump is used for this application due to its high
internal resistance, ensuring that flow cannot travel back through the pump
during periods of high afterload pressure.

A diagram of the control system is shown in Figure 7. An embedded con-
troller is used to adjust the afterload resistance in real time at a frequency
much higher than typical hemodynamics, which are generally below 20 Hz for
a heart rate of 80 bpm [Westerhof et al., 2019]. The controller takes measure-
ments of arterial pressure, plunger position, and motor current, as well as
control parameters from an attached computer such as the desired pressure
limits or Windkessel model parameters. Based on these inputs, the embed-
ded controller calculates the desired plunger position and the corresponding
motor voltage applied to manipulate the plunger position to achieve the cor-
responding aortic pressure and flow.

A prototype of the actively controlled afterload device is shown in Fig-
ure 8. A detachable cannula is used to cannulate the large artery on the heart
during excision, which is then attached to the main afterload device body. A
similar cannula is used for the atrium and preload device. A barbed connec-
tor is used to attach the auxiliary roller pump flow source. The auxiliary flow
is directed orthogonal to the direction of flow from the large artery to limit
the impact of auxiliary flow linear momentum on the pressure-flow dynamics.
After passing the plunger body, perfusate exits the afterload through a large
opening and returns to the perfusate reservoir.

Figure 9 shows a simplified overview of the complete ex vivo working
heart model setup for the left side of the heart. A description of the setup and
operating procedure is provided below in the Method section. A heater-cooler
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Figure 6. Schematic of an actively controlled afterload device (above
dashed line) connected to the heart (below). The afterload consists of a
plunger actively controlled to position 0 < u < d. The flow through the
device consists of the aortic flow ¢, and an auxiliary contribution ¢, chosen
to ensure ¢ + ¢ > 0. Plunger position control is based on measurements
of aortic pressure p. Reproduced from [Pigot et al., 2023] with permission
from the International Federation of Automatic Control.

and oxygenator condition the perfusate, with a roller pump ensuring adequate
circulation through the oxygenator. The heart is suspended in a reservoir such
that it is partially submerged and supported by the perfusate. The valves of
the heart’s right side are kept open to allow accumulated perfusate from the
coronary arteries to move freely back into the reservoir. Perfusate is pumped
to a preload device on the left atrium made up of a vortex with a compliant
chamber above. The vortex limits the linear momentum of the pump flow
to prevent forced atrial filling, while the compliant chamber fills to establish
preload according to the balance between the incoming flow and the heart’s
movement of perfusate through the atrium to the ventricle as described in
[Pigot et al., 2022; Steen et al., 2019]. Perfusate is pumped from the ventricle
through the afterload device, where it returns to the reservoir. Both the
preload and afterload feature deairing ports at their highest points to help
prevent the accumulation of harmful air bubbles in the perfusion circuit.
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Figure 7. Sketch of the actively controlled afterload system connected to
the aortic root, with constant auxiliary flow (¢). Control parameters such
as the desired systolic and diastolic pressures are sent from the computer
to the embedded controller. The embedded controller uses aortic pressure
measurements (p), plunger position (u) measurements, and motor current
measurements to rapidly control the motor voltage such that the resulting
position yields the desired afterload dynamics.

(b)

Figure 8. (a) shows a plane view of the actively controlled afterload in
the closed (left) and open (right) position. (b) shows a photo of the afterload
in an ex vivo working porcine heart model (left side of the heart) with the
preload on the left hand side of the photo, and the afterload on the right
hand side. The linear motor controlling the plunger position are outside of
the photo, above the device.



2  Materials

— P1

Figure 9. The left-side working mode experimental setup. Recirculation
pump (P1) moves perfusate from the reservoir (R) through the oxygenator
(O2) connected to the heater-cooler (H). The preload pump (P2) provides
perfusate through an arterial filter (F) to the preload device (PL) during
working mode, which is connected to the left atrium (LA). Perfusate is
pumped by the left ventricle (LV) out through the aorta (AO) to the after-
load device (AL) where it returns to the reservoir. Auxiliary flow pump (P3)
provides flow to the aortic root during Langendorff perfusion and working
mode. Deairing pumps (not pictured) are connected to PL and AL at D1
and D2, respectively. Additional passive deairing may be done at F. All
deairing drains back into R. Arrows indicate pump rotation and fluid flow
direction during working mode.

2.

Materials

The active afterload device has been evaluated in pilot porcine experiments
using the left-ventricular working mode setup described above and illus-
trated in Fig. 8 and 9, following ethics approval 5.8.18-15906/2020 issued by
“Malmé/Lunds Djurforsoksetiska Namnd”. The Materials and Method here
describe the experimental protocol used, though the principles are applicable
to other preload and afterload devices.

2.1

1.

Measurement

Three pressure transducers for measuring aortic pressure, central ve-
nous pressure, and left atrial pressure in vivo.

Three central venous catheters.

Three pressure transducers for measuring left atrial, aortic, and left
ventricular pressure ex vivo.
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4.
5.
6.

2.2

Aortic flow probe (see Note 1).
Data acquisition system.

Blood-gas analyzer (see Note 2).

Sedation and anesthesia

The following are for a 70kg Swedish domestic pig (sus scrofa domesticus)
according to local guidelines; your ethical and legal requirements may vary
(see Note 3). Each is prepared in solution form in a syringe.

1.
2.

N o

54

Sedation bolus: 1g ketamine, 140 mg xylazin, 750 ng atropine.
Anesthesia bolus: 100 pg fentanyl, 20 mg midazolam.
Pre-tracheotomy bolus: 40 mg rocuronium.

Anesthesia maintenance solution: 10 ml of 100 mg/ml ketamine, 6 ml of
5mg/ml midazolam, 20 ml of 10 mg/ml rocuronium; and 14 ml of 0.9 %
NaCl saline solution.

Heparin bolus of 400 U/kg.

Infusion pump for anesthesia maintenance.

Central venous catheter for anesthesia maintenance.
St. Thomas cardioplegic solution at 4 °C.

Mechanical ventilator.

Ex vivo working heart setup

. Krebs-Ringer solution: 119 mM NaCl, 15mM NaHCO3, 4.6 mM KClI,

1.5mM CaCly, 1.2mM NaH;PO4, 1.2mM MgCls, 11 mM glucose.

Perfusate: 1.5 L Krebs-Ringer solution with 5% Dextran 40, 7% albu-
min, 10000 U heparin, and approximately 1.5 L whole blood to yield a
hematocrit of approximately 20 % (see Note 4).

. Pharmacological support solution: 1 mg adrenaline, 1 mg noradrenaline,

1 mg cocaine 300 mg cortisol, 0.3 mg triiodothyronine diluted in a 50 ml
syringe with 0.9 % NaCl saline solution (see Note 5).

Infusion pump for pharmacological support.

Three perfusion roller pumps that can accommodate % inch tubing (see
Notes 6-8).



10.

11.

12.

13.

14.

15.

16.

17.

18.

3.1

8  Methods

. Two deairing roller pumps that can accommodate flow rates of approx-

imately 200 mL/min.

. Perfusate reservoir.
. Oxygenator with heater-cooler and 95 % Oy and 5% COs gas supply.

. Arterial filter to remove bubbles and large particulates.

Preload device with matching atrial cannula.
Afterload device with matching aortic cannula.
Zip-ties for fastening the cannulas to the great vessels.

A structure for positioning the preload and afterload devices relative
to the perfusate reservoir (see Note 9).

1 mmol/ml NaHCOg
50mg/ml glucose
0.45 mmol/ml CaCl,
2 mmol/ml KCl

1mg/ml adrenaline

Methods

Preparation of the ex vivo working heart setup

. Assemble ex vivo working mode setup excluding the perfusate solution

and heart (see Figure 9).

. Prepare pressure transducers for the atrium and ventricle (see Note

10).

. Prepare pressure transducer for the aorta (see Note 11).
. Set the heater-cooler to 37°C.
. Apply 100 ml/min gas flow to the oxygenator.

. Mix the perfusate solution in the reservoir and set the recirculation

pump at 0.5L/min (see Note 12).
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Check blood-gas measurements of perfusate solution and adjust to
preferred (homeostatic) levels. In particular: pH to 7.2-7.6 using
NaHCOg, keeping base excess close to zero; glucose to 4-8 mmol/L;
Ca?T to above 1.0mmol/L (1.30 mmol/L preferred) using CaCly; Na™
to 130-160 mmol/L (140 mmol/L preferred) using NaHCO3 (or NaCl
if necessary due to pH); Kt to 4-5mmol/L using KCl; hematocrit
to 15-25% by adding whole blood as necessary. Similar adjustments
should be made as necessary throughout the experiment.

Mount the pharmacological support syringe into the infusion pump and
connect its outlet to the perfusion circuit.

Set the afterload device to its minimum resistance (i. e., fully open).

. Deair the preload and afterload tubing by slowly pumping perfusate

via the preload pump and auxiliary flow pump (e.g., 0.5 L/min, see
Note 13).

Preparation of the pig heart

. Induce sedation with intramuscular injection of sedation bolus.

. Establish intravenous access (see Note 14).

Give intravenous anesthesia bolus and confirm sufficient sedation.
Give intravenous pre-tracheotomy bolus and heparin bolus.
Establish ventilation via tracheotomy (see Note 15).

Insert two central venous catheters into the right internal jugular vein
and guide them towards the right atrium, one for central venous pres-
sure and the other for anesthesia maintenance. The catheter tip posi-
tions can be verified after sternotomy in step 3.2.11.

Insert a central venous catheter into the right carotid artery for aortic
pressure measurement. The catheter tip position can be verified after
sternotomy in step 3.2.11.

Insert anesthesia maintenance solution syringe into a continuous infu-
sion pump and connect the infusion pump to one of the central ve-
nous catheters in the right internal jugular vein. Set infusion rate to
12-15ml/h.

Attach pressure transducers to the central venous catheters for pressure
measurement and calibrate to ambient pressure at the height of the
atria.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

8  Methods

Take a baseline blood-gas measurement. Adjust to preferred (homeo-
static) levels.

Perform median sternotomy and cut away the pericardium and other
surrounding tissues.

Insert a central venous catheter into the left atrium and attach a pres-
sure transducer. Calibrate the transducer to ambient pressure at the
height of the atria.

Place flow probe around the aorta.

Once the pig has stabilized, perform baseline pressure and flow mea-
surements. Make note of systolic aortic pressure, diastolic aortic pres-
sure, left atrial pressure, and cardiac output for use as points of com-
parison during ex vivo working mode.

Withdraw the central venous catheters from the superior vena cava and
clamp the inferior and superior vena cava.

Wait until the heart has emptied, then remove the aortic flow probe
and clamp the distal ascending aorta.

Inject 1 L of 4 °C cardioplegic solution into the ascending aorta, between
the clamp and the aortic valve to induce cardiac arrest.

Cut the superior and inferior vena cava below the clamps so the car-
dioplegic solution can drain freely through the coronary arteries and
out through the vena cava.

When the heart has stopped beating, excise the heart with the great
vessels (see Note 16). The ischemic time (to step 3.3.8) should be
minimized, and is typically 10-15 min.

Place the heart in ice slush such that the ventricles are submerged and
the great vessels are exposed for attaching the cannulas.

Insert and fasten cannulas for attaching the preload and afterload de-
vices to the atrium and aorta, respectively, using zip-ties (see Note
17).

Ex vivo working heart

. Stop the preload and auxiliary flow pumps.

. Set the pharmacological support infusion pump to 0.1 ml/h (see Note

18).
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Mount the heart into the working mode setup by connecting the atrial
cannula to the preload device, and the aortic cannula to the afterload
device.

Refine the position of the heart so it is partially submerged in the per-
fusate, up to the level of the atrial-ventricular valves. Ensure that the
position of the preload and afterload devices create a natural hanging
position for the heart (see Note 19).

Slowly apply flow to the preload by increasing the speed of the preload
pump, allowing the perfusate to slowly flow through the atrium, ven-
tricle, and afterload device to prime the circuit and remove air bubbles.

Flush and zero the pressure transducers (see Note 20).
Start the afterload auxiliary flow pump (e.g., 2L/min).

Set the afterload for a mean aortic pressure of 40-50 mmHg to begin
Langendorff perfusion and flush the cardioplegic solution from the heart
(see Note 21).

Throughout the experiment, deair as necessary using the deairing
pumps on the preload and afterload devices (see Note 22).

When the heart develops a stable sinus rhythm (see Note 23), begin to
provide perfusate to the left atrium (e. g., 2 L/min) to establish preload
and start working mode.

Allow the heart to stabilize under low load, e. g., with diastolic pressure
set at 50mmHg and systolic pressure set at 80 mmHg and 2L/min
preload flow (see Note 24).

Adjust the evaluation parameters according to the desired experimen-
tal protocol. Physiologically relevant hemodynamics can be maintained
for several hours using this model, provided that the perfusate is re-
conditioned according to the results of regular blood gas measurements
(see Note 25).

When finished, revert to Langendorf perfusion by lowering the preload
pump flow to zero and providing a low flow to the aortic root (e.g.,
0.5 L/min) via the auxiliary flow pump while maintaining a mean aortic
pressure of 50 mmHg or greater.

Induce cardioplegia by injecting cardioplegic solution into the aortic
root.

Turn off afterload pump once the heart has stopped beating.



4 Notes

Notes

. We use a Transonic Systems 20PS ultrasonic time-of-flight flow probe.
Additionally, a coronary flow probe may be used.

. We use a Radiometer ABL 700 blood-gas analyzer.

. Our group treats the pigs according to relevant European guidelines
[The European Parliament, 2010] and using a specific ethics approval
from our local authority (Malmé/Lunds Djurférsoksetiska Namnd).
Ensure that you fulfill all regional animal welfare and ethics require-
ments before conducting this procedure. Here we describe our proce-
dure, but yours may vary according to the relevant regulations.

. The inclusion of albumin is important to yield a hyperoncotic solution
which helps prevent edema during longer evaluations, however it may
be excluded for shorter evaluations having lower edema risk. The total
volume of perfusate required will vary depending on the exact assembly
of your system (dimensions of tubes, reservoir, etc.).

. Beyond the mechanical structure of the ex vivo working mode setup,
pharmacological support is essential for heart function in isolation from
the body [Steen et al., 2012]. In particular, the heart relies on the
brainstem and pituitary gland to regulate vascular tonus, heart rate,
and heart contractility, which are accounted for in the pharmacological
support solution. Cocaine is included to inhibit noradrenaline reuptake.

. Y% inch silicone is used in the roller pumps to minimize hemolysis that
smaller tubing diameters (and therefore higher pump speeds) can cause.
The use of smaller pump tubing may be possible if pump speeds and the
resulting hemolysis risk are accounted for. Tubing of smaller diameter
and other material can be used elsewhere in the circuit. Be wary of the
high-pressure side of the circuit and secure tubing to barb connectors
using zip-ties to help prevent leaks. Tubing lengths should be minimized
where possible to lower the total perfusate volume needed in the circuit.

. It is possible to rearrange the circuit to use only two roller pumps, by
removing the recirculation pump and instead relying on one of the other
pumps to circulate the perfusate through the oxygenator (e.g., the
auxiliary flow pump), however sufficient flow for perfusate conditioning
must be ensured to maintain temperature and gas exchange throughout
the experiment.

. It may be desirable to add a compliance chamber followed by a resis-
tance (e.g., tube clamp) after the auxiliary flow pump to help smooth
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the auxiliary flow arriving at the aortic root. High resistance is neces-
sary to prevent backflow towards the compliant chamber during systole.
Be wary of additional hemolysis that the resistance may introduce.

We use articulated arms with locking joints mounted above the reser-
voir to enable position adjustment of the preload and afterload device
from which the heart hangs.

To measure atrial pressure we use a fluid-filled baby-feeding tube fed
through the preload with its open tip extending just past the atrial
cannula into the atrium itself. The other end of the tube protrudes from
the top of the preload device and is attached via luer-lock to a pressure
transducer. Another baby-feeding tube is similarly positioned such that
it passes through the atrial cannula and the atrial-ventricular valve into
the ventricle once the heart is mounted to the preload. Alternatively,
transducer tips could be sown directly into the atrium and ventricle of
the heart prior to mounting.

A luer-lock attachment at the aortic cannula facilitates the connection
of a pressure transducer. Alternatively, a transducer tip could be sown
directly into the aorta prior to mounting.

To prevent the accumulation of bubbles in the perfusate solution, mix
slowly using the recirculation pump that feeds into the oxygenator
(e.g., 0.5L/min).

Minimize dripping or splashing of the fluid by submerging the lower
opening of the preload and afterload devices below the perfusate sur-
face.

We establish intravenous access on the pig ear, as the veins are clearly
visible and relatively easy to access.

Using the mechanical ventilator, set PaCOy to approximately 5kPa
(e.g., with 8 ml/kg body weight tidal volume, 20 breaths/min, positive
end-expiratory pressure 5 cmH;0).

Enough tissue must remain on the heart to facilitate the connection of
atrial and large-artery cannulas for connecting the preload and after-
load devices. However, excessive tissue on the large arteries may intro-
duce undesirable parasitic compliance and inertance, so a conservative
amount of tissue is recommended (i.e., just enough to allow cannula
attachment).

The atrial cannula is inserted via the pulmonary vein cut close to the
atrial wall, forming a circle in the atrial wall. The cannula tip is in-
serted flush with the atrial wall, using just enough tissue to fasten the



18.

19.

20.

21.

22.

23.

24.

4 Notes

cannula. Any other holes in the vessels should be closed with sutures.
The valves of the right side of the heart should be propped open to
prevent pressure-build up during perfusion, e. g., with pieces of silicone
tubing. The atrial and aortic cannulas have the same opening diame-
ter, which should be large so as not to restrict flow, e.g., 2025 mm.
The cannulas should also be as short as possible to minimize parasitic
compliance and inertance.

The infusion rate of the pharmacological support solution should be
adjusted throughout the experiment between 0.1 ml/h and 4ml/h ac-
cording to the desired heart rate in working mode. We typically aim
for 100-110 bpm. Raising the infusion rate should raise the heart rate,
though an excess can lead to tachycardia. If a higher heart rate is de-
sirable during a shorter period, a 40 pg adrenaline bolus can be used.

Ensure that the heart tissue, especially the aorta, is not twisted or
kinked such that flow to or from the heart is occluded. To achieve this,
the angle and rotation of the preload and afterload devices may need
to be adjusted.

Air bubbles in the pressure measurement lines should be eliminated
to prevent artificial smoothing of the measured pressures. Prime the
lines with perfusate. To zero all pressure transducers to the same refer-
ence value, set the tips of all pressure measurement lines level with the
right atrium. When manipulating the experimental setup, changes in
transducer or measurement line tip height may necessitate re-zeroing.

The successful resumption of coronary flow will be indicated by dark
deoxygenated perfusate coming from the right side of the heart.

Active deairing pumps on the preload and afterload devices can be used
to help remove accumulated air. They should be used only as necessary
to avoid unnecessary hemolysis. If preload pump flow is used as a proxy
for cardiac output, the flow removed by the deairing pumps must be
accounted for.

Once Langendorff perfusion begins, sinus rhythm should begin within
a few minutes. Provide 20-50 Joule defibrillation directly on the heart
as required if ventricular tachycardia occurs. Note that the pharma-
cological support solution helps the heart to develop a steady sinus
rhythm.

The diastolic and systolic pressure setpoints (afterload) and the flow
provided to the atrium (i.e., preload and resulting cardiac output of
the working heart) should be adjusted according to the observed per-
formance of the heart in working mode. The in vivo measurements can
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serve as a reference point for what performance can be expected. If
the heart is unable to manage the set cardiac output and afterload,
the preload pressure will rise as fluid accumulates in the preload de-
vice. If this occurs, preload pump flow should be reduced, and afterload
settings reevaluated.

25. The hours-long experiments we typically run using this model are far
longer than necessary in a transplantation context where the technology
could serve as decision support. For physiological and pharmacological
studies it may be relevant to maintain the working heart model for
longer. This is yet to be explored, but we see no reason why times in
the range of days could not be attainable as long as the perfusate is
correctly conditioned and the heart is kept humid. During such longer
experiments, the risks of edema (and therefore the inclusion of oncoti-
cally active albumin in the perfusate) and hemolysis deserve particular
attention when constructing the system and conditioning the perfusate.
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Abstract

The prospect of ex vivo functional evaluation of donor hearts is consid-
ered. Particularly, the dynamics of a synthetic cardiac afterload model
are compared to those of normal physiology. A method for identifi-
cation of continuous-time transfer functions from sampled data is de-
veloped and verified against results from the literature. The method
relies on exact gradients and Hessians obtained through automatic
differentiation. This also enables straightforward sensitivity analyses.
Such analyses reveal that the 4-element Windkessel model is not prac-
tically identifiable from representative data while the 3-element model
underfits the data. Direct comparison of aortic pressure—flow relations,
without relying on matching of fitted Windkessel model parameters, is
therefore suggested as an alternative for comparing afterload dynam-
ics.

Originally published in IFAC-PapersOnLine, 11th IFAC Symposium on
Biological and Medical Systems BMS (2021). Reprinted with permission.
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1. Introduction

1.1 Ex vivo heart evaluation

Today, donor hearts are routinely discarded due to uncertainty about their
function. A method of functional evaluation of donor hearts therefore has the
potential to increase the availability of heart transplantation.

Such ez vivo (outside of the body) functional evaluation requires a sys-
tem that mimics vascular dynamics—the afterload—and can be controlled
to emulate a broad range of recipient physiology and working conditions.

The afterload can be decoupled from heart dynamics by simultaneously
measuring aortic flow and pressure, and relating them through an impedance
model. Here, we delimit our focus to Windkessel models, being a class of
linear time-invariant (LTI) arterial impedance models introduced by Otto
Frank in the late 19" century and commonly employed both academically
and clinically.

We propose a method for identifying the Windkessel models from data,
and perform sensitivity analyses to quantify uncertainty of the identified
models. Three data sources are considered: previously published in vivo hu-
man data; porcine heart beating in vivo; porcine heart beating ez vivo against
a synthetic afterload. The data and code used to generate the results are
available on GitHub, see [Pigot, 2021].

The novelty resides in performing a standard local identifiability analysis,
whereas other publications on the topic generally focus on model fit in the
output-error sense. In general, over-flexible models produce better fits, but
can do so for a variety of parameter values as a consequence of being highly
sensitive. This does not mean that such models are without utility, but they
should not be compared in terms of their parameter values.

This work focuses on technical aspects related to identifiability and pa-
rameter identification; details on the device and data generating experiments
will be presented elsewhere.

1.2 The arterial Windkessel

Several variants of the Windkessel model have been proposed in the liter-
ature, see for instance [Westerhof et al., 2009]. Here we have employed the
parallel 4-element Windkessel model, being one of the more general formula-
tions. It can be expressed in terms of the circuit analogy shown in Figure 1,
that relates pressure (potential) y. to antegrade flow (current) w, through a
dynamic impedance G., where we use subscript ¢ to denote continuous time.
The passive component parameters are described in Table 1.
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Ue L
- R. L
— Rp _ C
T

Figure 1. Circuit analogy of the parallel 4-element Windkessel model
with driving current (flow) u., corresponding voltage (pressure) y., and
parameters R,,C, R, L.

Table 1. Parameters of the Windkessel model shown in Figure 1. Note
that subscript ¢ here denotes characteristic resistance (impedance) [West-
erhof et al., 2009], not to be confused with our use of subscript ¢ to indicate
continuous time.

Parameter Unit Name

R, mmHg/(L/min) Peripheral resistance

C L/mmHg Compliance

R, mmHg/(L/min) Characteristic resistance
L mmHg min/(L/min) Inertance

Using the circuit analogy of Figure 1 we next derive the expression for
the transfer function G.(s). In the Laplace domain the pressure (voltage) U
across resistance R, inertance (inductance) L and compliance (capacitance)
C relate to the flow (current) I flowing though each element through RI = U,
sLI =U, and I = sCU, respectively. Denoting by p. the (pressure) potential
between the resistances according to Figure 1, Kirchhoff’s current law yields

1 1
c = 5 Yec = Pe 7 Yec — Pc) = 5 Pc c- 1
u (Ye = pe) + 7 (e = pe) T +sCp (1)

From (1) we can eliminate p. = R,/(1 + sCRp)u, to obtain the transfer
function
Rp R,

G.(sl0) = R, =
(s16) "1 YsCR, ~ 11 sL/R.

(2)

from wu, to y., parameterized in 0 = [R, C R. L] = 0.
The Windkessel model (2) is hence a parallel interconnection between
R, and two first-order systems. Note that the characteristic resistance R,
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only impedes accelerating flows, since for steady flows, the impedance of the
inertance L is 0. This explains why the static gain of (2) is G(0) = R, (and
not, as some might assume R, + R,). The 4-clement Windkessel also comes
in a less widespread series form, used in for example [Gellner et al., 2020]. In
the series form, the inductance is connected in series with R, and its transfer
function is obtained by replacing the last term in (2) by sL. The static gain
is R.+ R, but the transfer function is improper, as the term sL corresponds
to an unfiltered differentiation of the input.
Introducing the state x. = [z¢1 e2] ', defined through

R R
c = Rc c ~ c - ) 3
v Yt T OoR, " T 11 sL/R." 8)
1 Re
T el FETeo

results in the state space form S.4 with matrices defined through

1 -
Te = CRy Te + [ ! } Ue,
(——— ]
L 5.
A (4)
1 R]
c = = = ¢ +|Re cs
v o )% T
——— D,

with z. being the volume (charge) in C. From (4) it is directly visible that
the system has two poles corresponding to time constants 77 = C'R, and
T, = L/R..

The 3-element and 2-element Windkessel models—S,.3 and S.o—are com-
monly employed special cases of the 4-element version (4). In anticipation of
Section 3, we note that L/||@]] — 1 results in S¢4 — S¢3, while either L — 0,
R.— 0,0r R./||0]] = 1 result in S¢y — Sea.

2. Method

2.1 Experiments

The porcine data used in this work were recorded from two 65kg Swedish
pigs (sus scrofa domesticus). Large-animal experiments were needed to ob-
tain a reliable characterization of the synthetic afterload module under con-
sideration. All institutional and national guidelines for the care and use of
laboratory animals were followed and approved by the appropriate institu-
tional committees. The animals were treated in compliance with Directive
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2010/63/EU, [The European Parliament, 2010]. The study ran under ethics
permission M174-15, issued by “Malmé/Lunds Djurférsoksetiska Namnd”
(local REB).

In both the in vivo and ez vivo experiments, a CardioMed CM4000 ultra-
sonic transit time flow meter (Medistim ASA, Oslo, Norway) was secured
to the ascending aorta. Aortic pressure was measured using a Meritrans
DTXPlus pressure transducer (Merit Medical, Singapore). In-house devel-
oped data acquisition hardware and software were used to log the signals at
200 Hz.

Different hearts were used for the in vivo and ex vivo data. The in vivo
data reflects normal sinus rhythm at rest. The ex vivo data was recorded
after 24 hours of cold non-ischemic perfusion, as described in [Steen et al.,
2016], beating against an actively controlled synthetic afterload akin to the
device described by [Gellner et al., 2020].

2.2 Model formulation

We relate the continuous-time flow u.(t) to the aortic pressure y.(¢) through
Ye = gc * U + €., where g, is the impulse response of an LTI system model
with transfer function G, and ¢, is the output error signal of the model, also
referred to as the residual.

We do not have access to u, and y. directly, but only to corresponding
measurement time series u, y, each of n elements. The time series will here be
considered equi-temporarily sampled at a period of h, although the proposed
methodology is readily applicable also under irregular sampling schemes.

Applying the zero-order-hold operator III;, we thus obtain [u,y, €', G] =
1M1, [te, Ye, €c, Ge] that relate through y = g * u + € and discrete time state
space realization S : {A, B,C, D} = III;S,

In order to evaluate the residual, €, we simulate S with u as input.The
residual can be decomposed into one model-mismatch term and one noise
term. The former typically arises from a candidate g under-modelling the
data u,y. The latter arises if y cannot be fully explained by u. This is for
instance the case if u and y have been subjected to measurement noise. In
this work we do not discern between the two contributors to e.

To determine the initial state vector for this simulation, we could choose
an arbitrary value, e.g. zo = 0 and drive S with a repeated stack [u" ... u"]"
with sufficiently many repetitions of u for the transient caused by xg to fade,
and then discard all but the last n simulated output samples. An efficient
and approximation-free alternative is to directly enforce the corresponding
“periodic stationarity” condition zy = x,,. Simulating the system forward in
time over one cardiac cycle then gives
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x1 = Az, + Bu,
xs = A%z, + ABu,, + Buy

n—1
&, = A"z, + A" 1 Bu, + Z AR By (5)
k=1

M

Using that z, = ¢ we solve (5) for
xo=(I—A")\ M, (6)

where, for numeric robustness, the sum in (5) is preferably computed as a
convolution, rather than term-by-term.

2.3 Parameter identification

As stated in Section 2.2 we do not explicitly consider observation model
(or other noise source) stochastics in this work, and therefore proceed with
output error identification. The objective is hence to minimize the residual
cost

T(0) = 5-e(6)e(6) (7)
to identif’
' 0° = arg min J(6). (8)
60

For a candidate 6 we can evaluate S(0) = I11,S.(6), and obtain z( using
(5). Driving S with u, we then obtain the output §() and residual €(0) =
y—9(0).

The solution 6 of (8) will also minimize J. = 5—||€||3, under the as-
sumption that u. is piece-wise constant between the samples in u, and that
the signals u. and y. have been subjected to analog filtering effectively re-
moving spectral power above the Nyquist frequency (2h)~!. The latter holds
true for the data considered here. The former constitutes a valid approxima-
tion as long as 1/h is large compared to the magnitudes of the poles of G.
Validity of this approximation has been ensured through sampling at a high
frequency compared to the cardiac cycle dynamics.

The optimization problem (8) is generally non-convex in 6. We there-
fore employ a multiple initialization procedure. Being the static gain of the
system, R, is initialized with the mean output (pressure) divided by mean
input (flow). The initial values of the remaining parameters are drawn from
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a multivariate uniform distribution, and we retrospectively verify that this
distribution covers the identified parameters 6°.

For each initialization point, Newton’s method is then used to obtain a
cost minimizer candidate, and the one of them that minimizes J gets denoted
0°.

A dual number implementation (see [Revels et al., 2016]) of the zero-
order-hold operator III;, enabled ezact (down to machine precision) forward-
mode automatic differentiation and thus evaluation of the gradient VJ(6)
and Hessian V2J () required in each Newton iteration. This enables us to
identify the continuous-time model parameter 6 directly, without the need of
finite difference, or other, approximations. It also means that we can obtain
an ezact evaluation of the Hessian H = V2.J(6°) of the cost J with respect
to the parameter 0, evaluated at the optimum 6°.

2.4 Persistence of excitation

A classical result for identification of LTI systems is that the order of per-
sistence of excitation (PE) of an input sequence u determines whether w is
sufficiently informative to distinguish parameter candidates # and 6’ given
some model class, or structure, G. Particularly, PE of order at least m is re-
quired for u to be sufficiently informative to distinguish any pair of transfer
functions of m parameters. See for example [Mareels et al., 1987] for further
detail.

The PE degree can be determined in several (equivalent) ways, one being
through a rank condition on the expectation of the auto-correlation matrix
of u:

r(0) coor(m—1)
rm—1) ... r(0)
where r(7) is expectation of the auto-correlation of u, with respect to some
stochastic observation model relating u. to u. In absence of stationary (ad-
ditive) noise model, it is customary to assume that the observation wu.(kh)
is an unbiased and consistent estimate of w(k) and use the observed auto-
correlation, defined through (9) with
1 n
r(r) ==Y a(k)u(k + 7), (10)

n
k=0

where @(k) is typically defined as u(k) for 1 < k < n, and 0 otherwise. Since
we are dealing with signals of periodic nature here, we will instead use the
periodic expansion @(k) = u((k mod n)+1). We can efficiently evaluate the
corresponding circular sample auto-correlation sequence

r=[r0)...r(n—1)" = %E(Du ® Du), (11)
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where D is the n x n DFT matrix, D its conjugate, and ® denotes element-
wise matrix-matrix multiplication.

The rank condition states that in order for u to be PE of order at least
m, the corresponding ®, needs to be positive definite. A major concern here
is that any u can be turned into a signal of arbitrarily high PE order by
adding a signal of independent samples ~ N(0,0?), even with arbitrarily
small ¢ > 0. From a practical perspective it is therefore more relevant to
consider the spectrum of ®,,.

2.5 Sensitivity analysis

Next, we investigate how much model fit, expressed in terms of the cost J,
deteriorates if the optimal parameter 6° is subject to an additive perturbation
with magnitude ||d]|2. The Taylor series expansion of the perturbed cost is

J(O° +8) = J(0°) + VI(0°)T 5+ L6TVI0%)5 +r(5),  (12)
W—/ 2
0

where the residual r(d) is a linear combination of monomials in the compo-
nents of J, each with degree at least 3. If ||d|2 is small, then the contribution
of r(d) to J is small. In that case the cost increment is well approximated by

J(0° +6) — J(6°) = Q(0) = %5TH6 = %Mvzvﬂs, (13)

where the Hessian H = V2J(6°) is a symmetric real matrix and therefore
has a singular value decomposition according to (13). The singular vectors
make up the columns of the unitary matrix V' = [vy ... v,,] and we can write
the quadratic form as

Q) = %(01@5%1)2 bt om(Tom)?). (14)

For a fixed ||d||2, (14) is minimized (maximized) when ¢ is parallel to the
singular vector vy corresponding to the smallest (largest) singular value oy.
This reveals in what direction a small move away from 0° contributes least
(most) to increase J. Further, the fraction between the largest and smallest
singular value, being the condition number of H, reveals the relative change
in cost when moving a small (infinitesimal) distance ||d]|2 in the least and
most sensitive directions, respectively. A large condition number is therefore
an indicator of over-parametrization with respect to the experimental data.
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Figure 2. Data set u,y and reported 4-element Windkessel model output
7§ digitized from Fig. 4 of [Stergiopulos et al., 1999]; model output g of the
herein identified k-element Windkessel models. Top pane shows time domain
model fit; bottom pane shows aortic PV loop.

3. Results

3.1 Identified models

The identification method was first validated against a previously published
human data set—henceforth referred to as the human data—Dby digitizing
the waveforms in Fig. 4 of [Stergiopulos et al., 1999]. Numerical values are
reported in Table 2; time domain model outputs and corresponding pressure—
volume (PV) loops in Figure 2; output error residuals in Figure 3. As seen
in Figure 2, the parameter values identified using the method of Section 2
reproduce the appearance of the results in [Stergiopulos et al., 1999]. We also
identified 2- and 3-element Windkessel models to see how they compare in
terms of output error and sensitivity.

Moving on to the experimental data, identified parameter values, mean
squared error (MSE) of the time domain model fit, being directly proportional
to J(6°), and the condition number of the Hessian H = V2.J(6°) are listed
in Table 2. Time domain model outputs and PV loops are shown in Figure 4
and Figure 5; output error residuals are shown in Figure 3.
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Figure 4. In vivo porcine data set u,y together with outputs g of iden-

tified k-element Windkessel models.

Table 2. Identified parameters of 4-, 3-, and 2-element Windkessel models
together with mean squared error (MSE) [mmHg], directly proportional to
J(6°) of (7). The last column shows the conditioning of H = V2J(0) at
0=06°.

R, C Re L MSE cond(H)

Human 13.6 0.0743 0.952 0.0952 5.88  3.18e3
13.0 0.108 0.582 8.48  3.65e2

13.6 0.0996 48.2 3.07e2

in vivo 62.9 0.0855 1.58 8.52 30.9 1.20e7
61.3 0.0877 1.58 30.9 1.57e3

62.9 0.0853 77.1 1.37e3

ex vivo 148 0.345 0.615  31.3 7.16 2.76e9
148 0.346  0.615 7.16 1.00e2

147 0.353 23.3 5.56el
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Figure 5. FEz vivo porcine data set u,y together with outputs . of iden-
tified k-element Windkessel models.

Bode plots of the identified models are shown in Figure 6. These indicate
that for the experimental data an almost perfect pole-zero cancellation takes
place in the 4-element models, as can be verified by inserting the parameter
values of Table 2 into (2). This also explains why corresponding time-domain
plots are visually indistinguishable.

3.2 Persistence of excitation

The 10 largest singular values of the auto-correlation matrices @, for the
inputs of the human, in vivo, and ex vivo data sets are shown in Figure 7.
According to Section 2.4, the figure indicates that identification of 2 to 4 pa-
rameters may be feasible, which prompts further consideration of parameter
sensitivity in the fitted models. Since the input is generated by the heart,
it cannot be arbitrarily changed to increase excitation and elucidate more
parameters.

One can note that two parameters (degrees of freedom) are necessary to
reproduce arbitrary diastolic and systolic pressure levels. For the 4-element
Windkessel model S.4, this leaves two parameters to influence the shape of
the model output; one “shape” parameter for S.3; none for Sgo.
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Table 3. Singular value decomposition H = VEV T of the Hessian H =
V27 (6°).

Vv diag(X)

= - - -
£ [-000 —0.00 -1.00 0.01 1.0000
= 1.00 0.02 0.00 0.02 0.0477
= 0.02 0.03 —-0.01 -1.00 3.12¢8 0.0009

—-0.02 1.00 —0.00 0.03 0.0003
IS - Z - Z
§ 0.00 0.00 1.00 0.00 1.0000
s 1.00  0.00 0.00 0.00 0.0038
A 0.00 —1.00 0.00 0.00 3.36eT 0.0007

| 0.00 0.00 000 1.00] 0.0000
S L i
S [ 000 000 100 0.00] [1.0000]
& |-0.0r —1.00 0.00 0.00 0.6976
= —-1.00 0.07 0.00 0.00 1.65¢5 0.0102

| 000 000 000 1.00] 0.0000|

3.3 Parameter sensitivities

The singular value decompositions H = VXV T of the Hessian H = V2J(6),
evaluated at the identified parameter § = #° are shown in Table 3. The last
column of the V' matrices indicate that the least certain direction in param-
eter space coincides with R, for the human data. The in vivo and ez vivo
data instead result in uncertain estimates of L. Recalling from Section 1.2
how limit cases of L and R, correspond to the 2- and 3-element Windkessel
structures, it is not surprising—given the indicated sensitivities—that the 3-
element models explain the experimental data almost identically well, while
the 2-element counterparts fail to do so based on lacking degrees of freedom,
as mentioned in Section 3.2. Furthermore, the parameters dominating the
least certain direction for the 3-element models were found to be C for the
human data and R, for the porcine data.

4. Discussion

A method for identification of continuous time dynamics from time series
data has been proposed with the objective of comparing the dynamics of a
synthetic afterload with those of normal physiology.

Upon validation against previously published results from [Stergiopulos
et al., 1999], the method was therefore applied to two porcine data sets: one
collected in vivo, featuring normal physiology; one collected ex vivo, with the
heart working against a synthetic afterload, as may be used in functional eval-
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5 Conclusion

uation of donor hearts prior to possible implantation. The human-data model
MSEs were comparable to the results of [Segers et al., 2008] who reported
mean MSEs of 9.2 and 8.9 for the 3 and 4-element models, respectively,
when fitting to measured data from 2404 humans. We can note that our
human-data model fit is slightly better than for our experimental data. This
is presumably caused by how our measurement setup was devised, and we
are planing to conduct similar but refined measurements to investigate this.
Nonetheless, the non-whiteness of output error residuals from all three data
sets, shown in Figure 3, suggest that the Windkessel structure under-models
representative pressure—flow data. At the same time, the persistence of ex-
citation analysis of Section 2.4 and local sensitivity analysis of Section 2.5
suggest that the inputs u do not support identification of substantially more
complex LTI model structures than the 3-element Windkessel.

5. Conclusion

The well-established 4-element parallel Windkessel model is not reliably iden-
tifiable from our sets of experimentally collected porcine and previously pub-
lished human aortic pressure—flow time series data. Particularly, the inertance
parameter L is practically unidentifiable. For the sake of comparing afterload
impedance dynamics, it is therefore advisable to look directly at the relation
between aortic pressure and flow, rather than comparing Windkessel model
parameters.
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Paper III

The differential-algebraic Windkessel
model with power as input .

Henry Pigot Kristian Soltesz

Abstract

The lack of methods to evaluate mechanical function of donated hearts
in the context of transplantation imposes large precautionary mar-
gins, translating into a low utilization rate of donor organs. This has
spawned research into cyber-physical models constituting artificial af-
terloads (arterial trees), that can serve to evaluate the contractile ca-
pacity of the donor heart. The Windkessel model is an established
linear time-invariant afterload model, that researchers committed to
creating a cyber-physical afterload have used as a template. With aor-
tic volumetric flow as input and aortic pressure as output, it is not
directly obvious how a Windkessel model will respond to changes in
heart contractility. We transform the classic Windkessel model to re-
late power, rather than flow, to pressure. This alters the model into
a differential-algebraic equation, albeit one that is straightforward to
simulate. We then propose a power signal model, that is based on pres-
sure and flow measurements and optimal in a Bayesian sense within
the class of C2 signals. Finally, we show how the proposed signal model
can be used to create relevant simulation scenarios, and use this to il-
lustrate why it is problematic to use the Windkessel model as a basis
for designing a clinically relevant artificial afterload.

Originally published in the proceedings of the 2022 American Control
Conference. Reprinted with permission.
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1. Introduction

Heart evaluation in isolation from the body can help ensure that donor organs
are safe prior to initiating transplantation, lowering costs and patient risk. At
present, one heart preservation and evaluation system is clinically available,
wherein the heart beats empty (unloaded) providing only metabolic indica-
tors of heart function [Ardehali et al., 2015]. Such indicators have shown
poor correlation to post-transplant outcomes compared to functional met-
rics[White et al., 2015; Ribeiro et al., 2020]. Functional evaluation of donor
hearts enables direct observation of hemodynamic performance, giving clini-
cians insight into how well an organ will perform in a recipient.

Recent advances by our collaborators in nonischemic organ preservation
extend the admissable ex vivo (out-of-body) time for heart organs from 4 h to
24 h [Steen et al., 2016; Qin et al., 2020]. This extended admissible time opens
up for the use of extended-criteria donors [Soltesz et al., 2018; Wahlquist et
al., 2021], and enables functional donor heart evaluation within the time
constraints of the transplantation procedure.

Functional evaluation requires a supply of perfusate to the heart ventri-
cles, as well as an artificial cardiac afterload for the heart to beat against.
The afterload must maintain diastolic aortic pressure to ensure coronary
flow and limit systolic pressure to a safe limit, while subjecting the heart to
physiological loading conditions. Afterloads are commonly built as verbatim
implementations of the common arterial Windkessel model, combining dis-
crete resistive and compliant elements as an approximation of the arterial
tree [Westerhof et al., 2009]. Some groups have implemented adjustable ele-
ments enabling computer control of mean aortic pressure, as in [Fisher et al.,
1984], or manual adjustment of systolic and diastolic pressure, as in [Gellner
et al., 2020].

In simulation of cardiac afterloads, changes in contractility (defining the
forcefullness of heart beats) and arrhythmic conditions (irregular heart beats)
are of foremost interest for evaluating heart function under a given loading
condition. Here we investigate how an artificial afterload model, implemented
as a Windkessel model, can be expected to behave when subjected to con-
tractile changes and arrhythmia.

Julia code that can reproduce all results herein is available on GitHub
[Pigot, 2022].

2. Differential-algebraic Windkessel model

2.1 Flow input Windkessel

The classic “lumped-parameter” Windkessel impedance is a low-order (at
most two) LTT model that estimates aortic pressure p(t) by p(t) based on
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2 Differential-algebraic Windkessel model

H _L
+ 7 R, L
JOREE——
_ Rp _ C
1

Figure 1. Circuit diagram equivalent of the 4-element parallel Windkessel
model with parameters § = [R, C R. L]', aortic flow (current) ¢, and
pressure (voltage) p. The heart is modeled as a power source w, as opposed
to the flow (current) source utilized in the classic Windkessel formulation.

aortic volumetric flow o(t) [Westerhof et al., 2009]. Here we will consider the
most general of these, the 4-element parallel Windkessel model [Stergiop-
ulos et al., 1999]. The circuit diagram of its electric analogy, with electric
current representing volumetric flow and electric potential (voltage) repre-
senting pressure, is shown in Figure 1. A state space realization of the system
is provided by

Tl
- 0
1
= C(;Rp R. x+[RC]<p, (1a)
L L \\B,-/
A
(1 R
— |1 _f R.] o. 1b
=L lorr]e (1b)
‘/—C D

(Context will decide when C' refers to the compliance parameter or state
space output matrix.) In the physiology literature, the parameters

0=[R,CR.L"~0 (2)

are ascribed mechanistic properties as per Table 1.

The parameters are typically identified from aortic volumetric flow sam-
ples 1, ..., ¢, and corresponding aortic pressure samples p1, ..., p, simulta-
neously sampled at ¢; < --- < ¢,,. The sampling instances are chosen so that
consecutive samples are sufficiently close in time to resolve the dynamics to
be modeled, and t,, — t; typically spans either an integer number of cardiac
cycles, or one cardiac cycle that is periodically extended as in [Pigot et al.,
2021]. Identification of 6 is most commonly cast as an output-error minimiza-
tion, with quadratic cost on py — p(t), see e. g., [Segers et al., 2008].

85



Paper III.  The differential-algebraic Windkessel model with power as input

Table 1. Parameters of the Windkessel model of Figure 1 from [Stergiop-
ulos et al., 1999].

Parameter = Value  Unit Name

R, 13.2 mmHg/(L/min) Peripheral resistance

C 0.0732 L/mmHg Compliance

R. 0.933  mmHg/(L/min) Characteristic resistance
L 0.085 mmHg - min/(L/min) Inertance

2.2 Power input Windkessel

The Windkessel model provides a dynamic relation between aortic volumetric
flow and aortic pressure, that matches observations well [Segers et al., 2008].
It is therefore not surprising that research prototypes of artificial dynamic
afterloads (adjustable arterial tree models) to be used in functional ex vivo
evaluation of donor hearts [Fisher et al., 1984; Seifen et al., 1987; Abicht
et al., 2018; de Hart et al., 2011; Gellner et al., 2020], have been constructed
to emulate the dynamics of the Windkessel model.

While the Windkessel model employs a volumetric flow source model of
the heart, a power source model is much more relevant to our investigations
of contractile function variations and arrhythmia. The work exerted by the
left ventricle on the blood being ejected in one cardiac cycle is the area of a
Carnot cycle, referred to in the literature as a pressure-volume loop, or just a
PV-loop. The work w associated with transitioning from ventricular volume
v1 to vg along this cycle is

vg
wervs) == [ (o) do, 3)
v1
To be accurate, (3) provides an upper bound for this work, and that bound
is tight for lossless systems. Letting ¢; and t5 be the times corresponding to
v1 and vg, such that v(t;) = v1), the work of (3) can be expressed as

2] dv ta
wltnte) == [0t =— [0l d. (1)
t dt th
In the PV-loop context, flow into the left ventricle (from the left atrium)
is considered. Here, we are instead considering flow out of the left ventricle
(through the aorta). We therefore employ (4) with a sign change of its right-
hand-side, and conclude that the instantaneous power is

w = gp. ()

Assuming for now that p = p, i.e., that the Windkessel model captures
the afterload dynamics perfectly, we can use (1b) together with (5) to alge-
braically relate the instantaneous power w to the flow ¢ through
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w = (Cx + Dp)p = Crp + D>, (6)

Combining (6) with (1) results in the nonlinear differential-algebraic equation
(DAE)

&= Az + By (7a)

w = Cxp + D> (7b)

The DAE (7) has index one (since there is no differentiation of its input, w),

and is therefore readily solvable by numerical DAE integrators. The algebraic
equation (7b) has solutions

 —Czx+./(Cz)? +4Dw
P = 5D : (8)

meaning that any initial condition x(t) fulfilling (Cx(tg))? + 4Dw(tg) > 0
is feasible (while others are not). In particular z(ty) = 0 is feasible.

3. Power signal model

In this section we formulate a statistical signal estimation problem that is
solved by employing cubic spline smoothing. To be notationally coherent and
reproducible, we have chosen to explicitly include a small review of related
topics.

3.1 Smoothing cubic splines

We consider modeling of the heart power input signal w from sampled flow
 and pressure p time series. The zero-order-hold (ZOH) interpolation is the
default choice when sampled signals are considered in the context of control
systems. Indeed it makes sense if the signal source is a digital controller, that
maintains steady output levels between invocations. However, physiological
signals seldom exhibit ZOH behavior. Instead, they are (with some exceptions
such as neuronal signalling) smooth. We therefore assume that our samples
are observations of some unknown C? (twice differentiable, with continuous
second derivative) signal, that we aim to estimate.

Based on observations y = [y; ... y,]' of an unknown signal x(t), sam-
pled at times 7 = [t; ...,t,], we hence want to obtain a C? signal model
# of x on (t1,t,) with x = [#(t1) ... 2(¢,)]".Since we have no information

about x between samples, we choose as objective to minimize the roughness
plalt)) = [ 36t) ar. 9)
T

87



Paper III.  The differential-algebraic Windkessel model with power as input

One can note that this is similar, but generally not identical to, minimizing
total curvature, that is defined as the integral of # along the curve, integrating
dl rather than dt.

If our observations have not been corrupted by noise, we are searching for
the least rough C? curve z that passes through the knots defined by 7 and
X = y. That curve is the natural cubic spline generated by (7, x) [De Boor,
2001]. Tt is a piece-wise cubic polynomial #(t) = Z(t), where

Bp(t) = ap + Bt —tg) + it —tn)? + 0 (t — tr)3,
tk§t<tk+1,k:17...,n—1, (10)

uniquely defined by the parameter § = [a" BT 4T 7], with column vectors
on the form a = [a; ... a,_1]". Particularly, the spline polynomials defined
through (10) are linear in 6.

The spline is defined to pass through the knots, where its first and second
derivatives are continuous. This corresponds to the constraints

Zr(tet1) = T+ (te) = Xks (11a)
Cék(tk+1) = fk+1(tk)7 (11b)
Tr(trer) = Tepa (), (11c)

holding for k = 1,...,n — 1. The constraints (11) uniquely define the always
existing cubic spline down to boundary conditions. The two types of bound-
ary conditions we will consider are natural (a.k.a. normal or ordinary) and
periodic. The natural spline has zero second derivatives at its end-points

&(ty) = Z(t,) = 0. (12)

It is called natural because originally, when flexible rulers constrained by
nails at the knot, were used to draw splines, leaving the ruler unconstrained
beyond the end-points would correspond to the condition (12).

Many physiological signals, including cardiac cycles, are periodic to their
nature, and it can therefore be desirable to extrapolate periodically using
data covering (at least) one period.

The natural spline is not necessarily C? across the period boundary. How-
ever, replacing (12) with explicit C? constraints on the end-points

&(t1) = &(tn), (13a)
a*c(tl) = a*c(tn), (13b)
E(tr) = 2(tn), (13c)

equivalently results in an existing and uniquely defined spline.
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It is reasonable to assume that our measurements y of x are corrupted
by noise €, so that y = = + €. In our formulation we will use the relevant
case where € is a realization of a zero-mean processes with covariance 3. We
note that it is sufficient to consider predictive performance at the instances
defined by 7, since the cubic spline (normal or periodic) is uniquely defined
by the knot abscissas x at these ordinates. We could choose x so the knots
end up on a straight line. This results in a cubic spline of zero roughness.
However, since Ee = 0, any choice but y = y is associated with an estimation
bias. In estimating xy, this bias is simply yr — x%. On the other end of the
scale we have y = y, which provides an unbiased estimator at the cost of
higher variance.

As we will shortly see  is linear in 8 and minimizing the smoothing cubic
spline cost

J(0:0) = Ay —x(0)) TSy — x(0) +(1 = N) p(x(6)) (14)
Y, i

balances between reducing bias (second term) and variance (first term)
through the parameter A € (0,1). If e ~ A(0,%) and ¥ = %, the minimizer
x of Jp is the maximum likelihood estimator (MLE) of y. By parametrizing
J as convex combination of J; and Jo, we are left with determining A within
the closed interval (0,1), as opposed to the interval (0, 00) associated with
the common formulation J = J; + AJs (where A is now another parameter
with the same role).

Returning to the spline fitting problem, the C? conditions can be encoded
into a linear equation system

Sy=3Va (15)

in the knot values ay = X, and knot second derivatives ¥r = 27, each
defined for £k = 1,...,n — 1 [De Boor, 2001]. The matrices S and V are
constructed from ¢. Introducing hy = xp41 — x and g = 1/h where k =
1,...,n — 1, the matrices corresponding to the periodic case are
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[2Ah, 1 Ay
hy 2Ah;  he
S = : : R : : ) (16a)
hn73 2Ahn73 hn72
L hn_l hn—Q 2Ahn—2
__Aqnfl q1 dn—1
¢ —Aq g2
V= : : Lon : : , (16b)
qn—3 _Aqn73 qn—2
L 9n-1 qn—2 —Aanz
where A()r = (-)r + (); with j = (max((k + 1)%n), 1).
The natural counterparts are obtained by setting
Sl,n—l = Sn—l,l = 51,2 = Sn—l,n—Z =0, (173)
Vinc1 =Vao11=Vi1=Vi2=0, (17b)

in (16a) and (16b), respectively. Using that «y = xx we can express the first
term of (14) as
Ji=(y—a) 27y —a), (18)

and as mentioned in e.g., [De Boor, 2001], the roughness of the cubic spline
on (t1,t,) can be expressed

2
Jo = EVTSW- (19)

The objective (14) is therefore a quadratic form in a:
J=Xy—a) (y—a)+(1-N6a"V'S "Va, (20)

that can be written on the standard form

1
J = §aTUa—vTa+7“, (21)
with
U=222"14120-\NV'S TV, (22a)
v =2 "1y, (22b)
r= My 71y (22¢)
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3 Power signal model

Minimizing (21) with respect to « (i.e. also with respect to ) is an ordinary
least squares problem, and the unique minimizer is the solution to Ua = v.
Having obtained «, it is then possible to obtain the remaining parameters
from the end-point constraints through the following equations that (after
some manipulation) follow from the definition of the smoothing cubic spline:

v =35""a, (23a)
5= éH‘lD% (23b)
8 =H 'Da— Hy— H?S, (23c)
where H = diag(h) and
-1 1
-1 1
D= (24)
1 -1

3.2 Choice of smoothing parameter

The remaining question is how to choose the smoothing parameter A € (0, 1),
that constitutes a bias—variance trade-off. Using all available data for train-
ing, there is no way to determine whether one candidate is favorable to
another (except for subjectively by looking at the resulting fit). A frequently
used way to determine A is therefor through leave-one-out cross valida-
tion. The predictive performance is measured as the mean square error over
k =1,...,n in predicting y; with a predictor that has been trained on all
data except (tg,yx):

n

Jy= 3 (yk - @<—k>(tk))2 . (25)

n
k=1

Here, #(—%) denotes a cubic spline fitted to all data but (¢4,%), and since the
spline is a function of the smoothing parameter )\, we can minimize Jy over
A. A celebrated result [Silverman, 1984] enables cheap evaluation through

n—1 ~ 2
_ yr — (tx)
w3 () )

where x = Wy defines the smoothing matrix

wr 22U 1
w,
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The last row w,, of the right-hand-side of (27) corresponds to y,,. For the
periodic case we therefore have w,, = w;. For the natural case, w,, is instead
obtained through (23). Alternatively, one could introduce 7, as an explicit
variable in the natural counterpart to (16), in which case the right-hand-side
would be simply 2A\U 1.

It is also worth noting that the effective degree of freedom resulting from
the regularization is Tr W, making it monotonic in A. That does not imply
that Jy lacks local minima, but for practical purposes it often suffices to
determine A through bisection search over (0,1), which is what we do in the
upcoming examples.

3.3 Modeling heart power

We realistically assume that our ¢ and p measurement time series are time-
aligned and corrupted by additive independent Gaussian noise drawn from
N(0,02) and N(0,07), respectively. Even if the time series are synchronized
(which they do not need to be), we fit individual smoothing cubic splines ¢
and p, and use ¥ = $p to model w in (7), to preserve the MLE property of
the fitted curves.

For any time ¢ where both splines ¢ and p are defined, their product @ is
the product of two third-order polynomials that we can explicitly compute.
As a direct consequence, @ will also be C2 and we can compute w(t) and
w(t) analytically from the underlying splines. Particularly, if ¢ and p have
a coinciding end-point with a natural end-point condition, then w will have
have a coinciding end-point with natural end-point condition.

It also follows directly from the definition that if ¢ is periodic with T,
and p is periodic with T}, then @ will be periodic unless T,, /T, is irrational,
with period at least max(7T,,T},) and at most lem(7T,,T,). U T =T, =T,
then @ will be periodic with period (evenly dividing) T'. The noise variance
o2 just shifts the balance between J; and Jo in (14), in a way that can be
compensated for using A\. We therefore fix 012) = U?p = 02 = 1 and leave it
up to the cross validation to suggest a A that minimizes its approximation of
the expected prediction error.

4. Simulation examples

Implementing the DAE (7) within the Julia DifferentialEquations.jl
suite and providing its right-hand-side with w = @, modeled as described
in Section 3, we simulate the Windkessel with power input using the
Sundials. j1l DAE integrator. Our simulations are based on digitized wave-
forms from [Stergiopulos et al., 1999], representing homeostatic human aor-
tic volumetric flow and aortic pressure, respectively, as further explained
in [Pigot et al., 2021].
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4 Simulation examples
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Figure 2. Windkessel DAE simulation with periodically extended power
input w. Top panes show the resulting pressure p and flow .

4.1 Periodic input

As a first example, we simulate a train of cardiac cycles, by evaluating the
periodic extension of the ¢ and p splines, and forming w = @p pointwise
from these. Figure 2 shows w, and the resulting ¢ and p from simulating with
the DAE Windkessel model. The initial state of the DAE has been selected
for transient elimination by solving a two-point boundary value problem,
enforcing the DAE states at the beginning and end of one cardiac cycle
to match. Another possibility is to set z(0) = 0 (or other feasible value),
simulate sufficiently long for any transient to fade, and then truncate. The
system matrix A of (1) has eigenvalues —1/(CR,,) and —Rc/L corresponding
to poles with time constants 7% = CR, =1min and L/R. =5.5s. If the
cardiac cycle duration is 7., each state component has therefore reached
within 100e~* % of its “transient free” value within [[t/T.] cardiac cycles.

Varying contractility Figure 3 illustrates the flow and pressure response
to a beat with increased contractile strength. The input was generated by
adding an offset spline to the w spline of Figure 2 to double the amplitude
of the 3rd beat.

Arrhythmic event Figure 4 illustrates the response to an arrhythmic
event. The input was generated by shifting the w spline abscissas of Fig-
ure 2 back 0.7 cycle periods after beat 3. (This does not exactly correspond
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Figure 3. Windkessel DAE simulation with double contractile strength
(power w) in beat 3. Top panes show the resulting pressure p and flow .

to a physiologically correct PVC, but serves to illustrate that we can alter a
nominal power input by arbitrary offsets in magnitude and time.)

5. Discussion

We have proposed expressing the Windkessel model as a DAE, to use instan-
taneous power, rather than volumetric flow, as its input. This has enabled
us to investigate how the dynamics react to changes in contractility and
arrhythmia.

To handle flow and pressure measurements only being available at time-
aligned, but not necessarily synchronized nor evenly spaced sampling in-
stances, a continuous time signal model was employed. This signal model
constitutes the MLE estimator under the assumption that the underlying
singnals are C? and corrupted with additive identically independently dis-
tributed Gaussian noise. Regularization was added to avoid possible overfit-
ting, and its extent determined through cross validation.

Our simulation examples show how the considered Windkessel model re-
sponds to changes in heart contractility and double-beat arrhythmia. These
events notably affect the resulting pressure profile. As a consequence of the
Windkessel dynamics, there is no simple relation between the model pa-
rameters (2) and the resulting diastolic and systolic pressure. Compensating
through feedback control of the Windkessel model parameters to maintain
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Figure 4. Windkessel DAE simulation with an early contraction in beat
4 of the input power w. Top panes show the resulting pressure p and flow
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prescribed safe upper systolic pressure and lower diastolic pressure bounds
as proposed in [Gellner et al., 2020] is therefore non-trivial, and motivates
investigation of artificial afterloads based on other principles than a verbatim
implementation of Windkessel dynamics.

6. Conclusion

e Its volumetric flow input makes the classic lumped-parameter Wind-
kessel model ill-suited for investigating how changes in contractility
affect aortic pressure. For this purpose, a DAE representation with in-
stantaneous power as input is more adequate.

e Smoothing cubic splines constitute a motivated class of functions for
modeling aortic flow and pressure signal from sampled data. These
models can readily be combined into a power signal model that main-
tains the smoothness properties of the cubic spline.

o It is desirable, but not straightforward, to independently control dias-

tolic and systolic pressure within a Windkessel model with adjustable
parameters.

95



Paper III.  The differential-algebraic Windkessel model with power as input

Acknowledgment

This work was funded by the Swedish Research Council (grant 2017-04989)
and the Swedish Foundation for Strategic Research (grant SM21-0037). We
would like to acknowledge our collaborators with the Division of Thoracic
Surgery at Lund University, and Jonas Hansson with the Department of
Automatic Control, who inspired us to use smoothing splines for signal mod-
eling.

References

Abicht, J.-M., T. Mayr, J. Jauch, S. Guethoff, S. Buchholz, B. Reichart, and
A. Bauer (2018). “Large-Animal Biventricular Working Heart Perfusion
System with Low Priming Volume—Comparison between in vivo and ex
vivo Cardiac Function”. Thorac cardiovasc Surg 66:01, pp. 071-082. DOI:
10.1055/s-0036-1580604.

Ardehali, A., F. Esmailian, M. Deng, E. Soltesz, E. Hsich, Y. Naka, D.
Mancini, M. Camacho, M. Zucker, P. Leprince, R. Padera, and J.
Kobashigawa (2015). “Ex-vivo perfusion of donor hearts for human heart
transplantation (PROCEED II): a prospective, open-label, multicentre,
randomised non-inferiority trial”. The Lancet 385:9987, pp. 2577-2584.
DOI: 10.1016/50140-6736(15)60261-6.

De Boor, C. (2001). “A Practical Guide to Splines (Revised Edition)”. In:
Springer, pp. 207-214. 1SBN: 978-0-387-90356-9.

de Hart, J., A. de Weger, S. van Tuijl, J. M. A. Stijnen, C. N. van den Broek,
M. C. M. Rutten, and B. A. de Mol (2011). “An ex vivo platform to
simulate cardiac physiology: a new dimension for therapy development
and assessment”. Int J Artif Organs 34:6, pp. 495-505. DOI: 10.5301/
IJA0.2011.8456.

Fisher, A., R. E. Challis, and P. Swann (1984). “A controllable artificial
afterload for isolated heart studies”. J Biomed Eng 6:4, pp. 305-310.
DOI: 10.1016/0141-5425(84)90080-3.

Gellner, B., L. Xin, R. V. P. Ribeiro, V. Bissoondath, P. Lu, M. B. Adamson,
F. Yu, E. Paradiso, J. Zu, C. A. Simmons, and M. V. Badiwala (2020).
“The Implementation of an Adjustable Afterload Module for Ex Situ
Heart Perfusion”. Cardiovasc Eng Tech 11:1, pp. 96-110. por: 10.1007/
s13239-019-00447-w.

Pigot, H. (2022). Power-windkessel. commit 8dacl6a. URL: https://github.
com/hpigot/power-windkessel/tree/v1.0.0 (visited on 2022-03-14).

96


https://doi.org/10.1055/s-0036-1580604
https://doi.org/10.1016/S0140-6736(15)60261-6
https://doi.org/10.5301/IJAO.2011.8456
https://doi.org/10.5301/IJAO.2011.8456
https://doi.org/10.1016/0141-5425(84)90080-3
https://doi.org/10.1007/s13239-019-00447-w
https://doi.org/10.1007/s13239-019-00447-w
https://github.com/hpigot/power-windkessel/tree/v1.0.0
https://github.com/hpigot/power-windkessel/tree/v1.0.0

References

Pigot, H., J. Hansson, A. Paskevicius, Q. Liao, T. Sjoberg, S. Steen, and K.
Soltesz (2021). “Identification of cardiac afterload dynamics from data”.
In: 11th IFAC Symposium on Biological and Medical Systems BMS 2021.
IFAC-PapersOnLine, accepted (forthcoming).

Qin, G., B. Wohlfart, L. Zuo, J. Hu, T. Sjoberg, and S. Steen (2020). “Intact
coronary and myocardial functions after 24 hours of non-ischemic heart
preservation”. Scandinavian Cardiovascular Journal 54:1, pp. 59-65. DOIL:
10.1080/14017431.2019.1684553.

Ribeiro, R. V. P., J. S. Alvarez, F. Yu, M. B. Adamson, E. Paradiso, A. R. M.
Hondjeu, L. Xin, B. Gellner, M. Degen, V. Bissoondath, M. Meineri, V.
Rao, and M. V. Badiwala (2020). “Comparing Donor Heart Assessment
Strategies During Ex Situ Heart Perfusion to Better Estimate Posttrans-
plant Cardiac Function”. Transplantation 104:9, pp. 1890-1898. DOI: 10.
1097/TP.0000000000003374.

Segers, P., E. Rietzschel, M. De Buyzere, N. Stergiopulos, N. Westerhof, L.
Bortel, T. Gillebert, and P. Verdonck (2008). “Three-and-four-element
Windkessel models: Assessment of their fitting performance in a large
cohort of healthy middle-aged individuals”. Proceedings of the Institution
of Mechanical Engineers. Part H, Journal of engineering in medicine 222,
pp. 417-28. DOI: 10.1243/09544119JEIM287.

Seifen, E., A. B. Seifen, R. H. Kennedy, G. A. Bushman, G. E. Loss, and
T. G. Williams (1987). “Comparison of cardiac effects of enflurane, isoflu-
rane, and halothane in the dog heart-lung preparation”. eng. Journal
of Cardiothoracic Anesthesia 1:6, pp. 543-553. DOI: 10 . 1016 /0888 -
6296 (87)90041-x.

Silverman, B. W. (1984). “A Fast and Efficient Cross-Validation Method
for Smoothing Parameter Choice in Spline Regression”. Journal of the
American Statistical Association 79:387, pp. 584-589. por1: 10 . 2307/
2288404.

Soltesz, K., T. Sjoberg, T. Jansson, R. Johansson, A. Robertsson, A. Paske-
vicius, Q. Liao, G. Qin, and S. Steen (2018). “Closed-loop regulation of
arterial pressure after acute brain death”. J Clin Monit Comput 32:3,
pp- 429-437. DOI: 10.1007/s10877-017-0033~z.

Steen, S., A. Paskevicius, Q. Liao, and T. Sjoberg (2016). “Safe orthotopic
transplantation of hearts harvested 24 hours after brain death and pre-
served for 24 hours”. Scandinavian Cardiovascular Journal 50:3, pp. 193—
200. por: 10.3109/14017431.2016.1154598.

Stergiopulos, N., B. E. Westerhof, and N. Westerhof (1999). “Total arterial
inertance as the fourth element of the windkessel model”. en. American
Journal of Physiology-Heart and Circulatory Physiology 276:1, H81-HS88.
DOI: 10.1152/ajpheart.1999.276.1.H81.

97


https://doi.org/10.1080/14017431.2019.1684553
https://doi.org/10.1097/TP.0000000000003374
https://doi.org/10.1097/TP.0000000000003374
https://doi.org/10.1243/09544119JEIM287
https://doi.org/10.1016/0888-6296(87)90041-x
https://doi.org/10.1016/0888-6296(87)90041-x
https://doi.org/10.2307/2288404
https://doi.org/10.2307/2288404
https://doi.org/10.1007/s10877-017-0033-z
https://doi.org/10.3109/14017431.2016.1154598
https://doi.org/10.1152/ajpheart.1999.276.1.H81

Paper III.  The differential-algebraic Windkessel model with power as input

Wahlquist, Y., K. Soltesz, Q. Liao, X. Liu, H. Pigot, T. Sjéberg, and S. Steen
(2021). “Prevention of Ischemic Myocardial Contracture Through Hemo-
dynamically Controlled DCD”. Cardiovasc Eng Tech. DOI: 10 . 1007 /
s13239-021-00537-8.

Westerhof, N., J.-W. Lankhaar, and B. E. Westerhof (2009). “The arterial
Windkessel”. Med Biol Eng Comput 47:2, pp. 131-141. por: 10. 1007/
s11517-008-0359-2.

White, C. W., E. Ambrose, A. Miiller, Y. Li, H. Le, B. Hiebert, R. Arora,
T. W. Lee, I. Dixon, G. Tian, J. Nagendran, L. Hryshko, and D. Freed
(2015). “Assessment of donor heart viability during ex vivo heart perfu-
sion”. Can. J. Physiol. Pharmacol. 93:10, pp. 893-901. pOI: 10.1139/
cjpp—2014-0474.

98


https://doi.org/10.1007/s13239-021-00537-8
https://doi.org/10.1007/s13239-021-00537-8
https://doi.org/10.1007/s11517-008-0359-2
https://doi.org/10.1007/s11517-008-0359-2
https://doi.org/10.1139/cjpp-2014-0474
https://doi.org/10.1139/cjpp-2014-0474

Paper IV

A novel nonlinear afterload for ex vivo

heart evaluation: porcine experimental

results

Henry Pigot Kristian Soltesz = Audrius Paskevicius

Qiuming Liao Trygve Sjoberg Stig Steen

Abstract

Background: Existing working heart models for ex vivo functional eval-
uation of donor hearts often use cardiac afterloads made up of discrete
resistive and compliant elements. This approach limits the practical-
ity of independently controlling systolic and diastolic aortic pressure to
safely test the heart under multiple loading conditions. We present and
investigate a novel afterload concept designed to enable such control.

Methods: Six ~70 kg pig hearts were evaluated in vivo, then ex vivo
in left-ventricular working mode using the presented afterload. Both
in vivo and ex vivo, the hearts were evaluated at two exertion levels:
at rest and following a 20 ug adrenaline bolus, while measuring aortic
pressure and flow, left ventricular pressure and volume, and left atrial
pressure.

Results: The afterload gave aortic pressure waveforms that
matched the general shape of the in vivo measurements. A wide
range of physiological systolic pressures (93-160 mmHg) and diastolic
pressures (73-113mmHg) were generated by the afterload. At each
exertion level, the pair-wise mean difference in mean systolic pressure,
diastolic pressure, pulse pressure, and cardiac power between each
heart in vivo and ez vivo were not found to be significant (P > 0.05).

Conclusions: With the presented afterload concept, multiple physi-
ological loading conditions could be tested ez vivo, and compared with
the corresponding in vivo data. An additional control loop from the set
pressure limits to the measured systolic and diastolic aortic pressure is
proposed to address discrepancies observed between the set limits and
the measured pressures.

Originally published in Artificial Organs (2022). Reprinted with permis-

sion.
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1. Introduction

Ex vivo beating heart models enable the study of denervated heart physiology
under varying conditions in physiological isolation. In an effort to meet grow-
ing demand for donor heart organs, such models have been investigated as a
means to increase the safe use of extended criteria heart donors [White et al.,
2018]. These donors typically include older individuals, those with previous
conditions, and donors with circulatory (DCD), as opposed to brain (DBD),
determined death [Beuth et al., 2019; Monteagudo Vela et al., 2018]. The
potential risks of using such hearts has motivated the study of non-beating
[Steen et al., 2016; Nilsson et al., 2020]; empty beating [Ardehali et al., 2015];
and working heart models [Abicht et al., 2018; Gellner et al., 2019; Messer
et al., 2016; Hatami et al., 2019] to perfuse the cardiac muscles and provide
indicators of heart performance prior to transplantation.

In contrast to non-beating and empty beating models, hearts in working
mode actively pump perfusate through a flow impedance, referred to as the
afterload. The hemodynamic function of the heart can then be observed
directly, whereas non-working models only provide metabolic indicators of
heart condition. Although popularized by the first clinically approved ez
vivo heart perfusion device [Ardehali et al., 2015], studies have shown that
metabolic metrics are unreliable predictors of post-transplant outcomes and
point to functional metrics as a promising alternative [Garcia Sdez et al.,
2015; Stamp et al., 2015; White et al., 2015; Messer et al., 2016; Dhital et
al., 2020; Ribeiro et al., 2020].

Here we consider left-ventricular working mode, where only the left side
of the heart is loaded. An afterload must at least establish the minimum
diastolic aortic pressure required for sufficient coronary flow. In order to test
a wide range of hearts under a variety of loading conditions, an afterload
would ideally enable control of diastolic aortic pressure and systolic aortic
pressure, independently of cardiac output.

The systemic arterial tree—the left-heart afterload in the body—has long
been represented using lumped-parameter linear models known as Wind-
kessel models [Westerhof et al., 2009], illustrated in Figure 1, to describe the
relationship between aortic flow and pressure. Mechanical afterloads have
been constructed according to the Windkessel model, with discrete resistive
and compliant elements, in an attempt to recreate physiological aortic pres-
sure waveforms [Kung and Taylor, 2011; de Hart et al., 2011; Abicht et al.,
2018; Gellner et al., 2020]. The peripheral resistance, R,, determines the
static gain from flow to pressure, while the compliance, C, affects both the
systolic and diastolic pressure. Any systolic and diastolic pressure combina-
tion can be achieved for a given aortic flow by varying R, and C. However,
the parameters are coupled; to adjust only systolic or diastolic pressure, both
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Figure 1. Circuit analogy of the parallel 4-element Windkessel model
with signals: driving current (aortic flow) w., corresponding voltage (aortic
pressure) y., and parameters: peripheral resistance, R, arterial compliance,
C'; characteristic aortic impedance, R.; and perfusate inertance, L.

resistance and compliance must be manipulated. Doing so also changes the
shape of the aortic pressure waveform.

Traditionally, ex vivo working heart models using Windkessel-based after-
load designs are constructed with fixed or manually adjustable resistive and
compliant elements. Due to the aforementioned coupled parameters, such af-
terloads are unable to practically emulate a variety of loading conditions and
respond to hemodynamic changes in a time-constrained clinical setting. Two
groups have published large-animal studies on adjustable Windkessel-based
afterloads, though with the exception of [Xin et al., 2018] they only tested
single loading conditions for each heart [de Hart et al., 2011; Gellner et al.,
2020]. Notably, in [de Hart et al., 2011] coronary perfusion was controlled
with a separate perfusion loop and in [Gellner et al., 2020] and [Xin et al.,
2018] physiological diastolic pressures were not demonstrated. Matching the
parameters of discrete Windkessel afterload elements to estimated param-
eters in a potential recipient has been suggested in [Gellner et al., 2020].
However, our sensitivity analysis of the Windkessel model with porcine and
human data showed that simultaneous identifiability of its parameters from
representative data is limited [Pigot et al., 2021]. This means that parameters
identified in vivo under one working condition are not necessarily adequate
for evaluation of the same heart ex vivo under another working condition.

As an alternative to Windkessel-based afterloads, some groups have
pumped perfusate retrograde into the aorta with a centrifugal pump to con-
trol diastolic aortic pressure [White et al., 2015; Xin et al., 2018; Hatami
et al., 2019]. These systems ensure diastolic aortic pressure regardless of car-
diac output. However, systolic pressure is left uncontrolled and dependant on
the geometry and position of the perfusate path and the rotational-velocity-
dependent flow impedance of the centrifugal pump. Independent control of
systolic and diastolic aortic pressures is not practical with this afterload
method.
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Here we present and investigate a novel afterload concept, designed to al-
low independent control of hemodynamic parameters critical to the safety and
evaluation of the organ under test: diastolic pressure to ensure sufficient coro-
nary flow and systolic pressure to facilitate physiological loading conditions
while safely limiting peak aortic pressures. This paper is the first evaluation
of technology patented in [Steen et al., 2019]. To the best of our knowledge,
it is the first demonstration of heart evaluation using an adjustable cardiac
afterload operating at physiological systolic and diastolic aortic pressures.

The afterload was tested with 6 hearts from ~70kg pigs, representative
of adult human hearts, both at rest and in a state of exertion. The objective
was to compare observations in vivo and ex vivo for each individual heart to
investigate the feasibility of establishing and maintaining a range of physio-
logical loading conditions by adjusting systolic and diastolic aortic pressures.
Tight feedback control of the pressures has been left for future work, though
a strategy to achieve such control is discussed.

2. Methods

Six ~70kg Swedish domestic pigs (sus scrofa domesticus) were used in the
study. Each heart was evaluated in vivo with an open chest in two states of
cardiac exertion: in resting state and in a high exertion state induced by a
20 pg adrenaline bolus.

In each state, aortic pressure and flow, ventricular pressure and volume,
and atrial pressure were recorded. This was then repeated with each heart in
an ez vivo left-ventricular working heart model using the considered nonlinear
afterload, with cardiac output (flow provided to the left atrium), systolic
aortic pressure, and diastolic aortic pressure controlled to physiological levels.

Conductance catheter ventricular pressure-volume signals were recorded
at 200 Hz with LabChart 8 (AD Instruments, Boulder, CO). All pressures
and aortic flow were sampled with a data acquisition system built in-house
using AD7730 converters (Analog Devices, Norwood, MA) at 200 Hz and
low pass filtered with a 50 Hz —3 dB cut-off frequency—twice the expected
frequency of relevant physiological signals. Pulse pressure was calculated as
the difference between systolic and diastolic pressure. Instantaneous cardiac
power was calculated as the pointwise in time product of left ventricular
pressure and aortic flow.

2.1 Nonlinear cardiac afterload

The ez vivo working heart model is illustrated in Figure 2. The heart is
suspended in a perfusate reservoir, with the right atrium at the perfusate
surface level. The perfusate is circulated by a roller pump through an oxy-
genator for heat and gas exchange. A second roller pump delivers perfusate
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from the reservoir to the left atrium. Above the left atrium, the perfusate
first passes through a vortex, pictured on the bottom left in Figure 3. This
is not primarily designed to be physiological, but rather to lower perfusate
linear momentum and limit forced atrial filling. A compliant sleeve above
the vortex allows perfusate to accumulate, generating preload according to
the balance between the input flow from the roller pump and the cardiac
output. At steady state, roller pump flow to the left atrium is used as a mea-
surement of cardiac output. The heart beats perfusate from the left ventricle
through the adjustable afterload attached to the aorta, generating pulsatile
aortic flow. A third roller pump connected to the aorta enables Langendorff
perfusion of the coronaries arteries, e.g. when first attaching a cardioplegic
heart to the system or as a safe fall-back in the event of heart fibrillation.

The afterload is a pressurized air-filled cuff through which the heart forces
perfusate, as illustrated in Figure 4. The cuff is made of compliant polyiso-
prene, surrounded by a rigid plastic shell. The pressure limits of the air in the
cuff are continuously controlled to a user-defined setpoint, corresponding to
the diastolic and systolic aortic pressure limits. The minimum and maximum
air pressure limits in the cuff are continuously controlled. The minimum (di-
astolic) pressure limit is enforced by a large pressure-controlled compliant
chamber and a check valve. As the ventricle relaxes any perfusate flowing
through the cuff is pressed back into the aorta or out into the reservoir by
the pressurized cuff as its lumen closes. If the cuff pressure drops below the
diastolic-limit chamber pressure air flows from the chamber through the check
valve into the cuff. The cuff presses against the perfusate in the aorta at the
air pressure set in the diastolic-limit chamber (see the left side of Figure 4),
facilitating coronary perfusion.

The maximum (systolic) cuff air pressure limit is set by a pressure-
regulated diaphragm valve. As the ventricle contracts, the perfusate exerts
pressure against the cuff; the air in the cuff is compressed and its pres-
sure rises, closing the check valve and opening a lumen through which per-
fusate flows back to the reservoir. If the air pressure in the cuff exceeds the
systolic-limit setting, the diaphragm valve opens and air escapes back into
the diastolic-limit chamber, widening the lumen to limit perfusate pressure
in the aorta (see the right side of Figure 4). This nonlinear resistance in
systole is designed to increase the safety and stability of operation ex vivo,
where the heart lacks protection from over-distention that is provided by the
pericardium in vivo.

2.2 In vivo evaluation

All animals were treated according to European guidelines [The Euro-
pean Parliament, 2010], under ethics approval 5.8.18-15906/2020 issued by
“Malmé/Lunds Djurforsoksetiska Namnd” (local REB). Porcine experiments
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Figure 2. Ez vivo setup, with the afterload (A). Roller pump R1 delivers
perfusate to the preload (P) at the left atrium (LA). At the preload, the
perfusate goes through a vortex to lower its linear momentum to limit forced
atrial filling. A compliant reservoir sits above the vortex, allowing a column
of perfusate to accumulate, resulting in atrial preload pressure. Ports D,
above the compliant reservoir and the highest point of the afterload, provide
de-airing driven by small roller pumps. The heart pumps the perfusate from
the left ventricle (LV) through the aorta (AO) and the afterload and back
to the reservoir. The perfusate in the reservoir is circulated by roller pump
R2 through an oxygenator (O2) that also provides heat exchange via a
heater-cooler unit (H). An additional roller pump (not pictured) is used to
provide Langendorff perfusion when the cardioplegic heart is first placed in
the system.



2 Methods

Figure 3. The ex vivo working heart model, with the afterload pictured
on the left attached to the aorta, and preload on the right attached to the
left atrium. The heart is partially submerged in perfusate.

were motivated by the physiological similarity between porcine and adult hu-
man hearts, and to accurately test the afterload in the absence of realistic
mechanical heart models.

Sedation was induced with an intramuscular bolus of 1g ketamine (Ke-
taminol vet, Intervet, Boxmeer, Netherlands), 140 mg xylazin (Rompun vet,
Bayer AB, Solna, Sweden), and 750 ng atropine (Atropin, Mylan AB, Stock-
holm). Anesthesia was established with an intravenous bolus of 100 ng fen-
tanyl (Fentanyl, B. Braun Melsungen AG, Danderyd, Sweden) and 20 mg
midazolam (Midazolam accord, Accord healthcare Ltd. United Kingdom).
An additional intravenous bolus of 40 mg rocuronium (Rocuronium, Frese-
nius Kabi, Graz, Austria) was given pre-tracheotomy. Anesthesia was main-
tained with 12-15 ml/h continuous intravenous infusion of the following drugs
mixed into a 50ml syringe: 10ml of 100 mg/ml ketamine; 6 ml of 5mg/ml
midazolam; 20ml of 10 mg/ml rocuronium; and 0.9% NaCl saline solution
14 ml. Normoventilation (PaCOy around 5kPa), was obtained using a tidal
volume of 8 ml/kg body weight at about 20 breaths/min, and a positive
end-expiratory pressure of 5cmH>O.
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Figure 4. Schematic of the nonlinear adjustable afterload in diastole
(left) and systole (right) adapted from [Steen et al., 2019]. Black arrows
indicate the direction of fluid flow. Two pressures in the afterload are con-
tinuously controlled: the pressure in the diastolic-limit chamber, and the
pressure at which the systolic-limit diaphragm valve opens. In diastole, air
flows through a check valve from the diastolic-limit chamber into the cuff.
The air pressure in the cuff is exerted on the perfusate in the aorta, facil-
itating coronary perfusion. In systole, the contracting ventricle causes the
perfusate pressure in the aorta to rise, compressing the air in the cuff, open-
ing a perfusate lumen through the cuff, and closing the check valve. If the
air pressure in the cuff exceeds the set point of the systolic-limit diaphragm
valve, air flows through the valve back into the diastolic-limit chamber,
maintaining the systolic pressure set point in the cuff and widening the lu-
men through the cuff.

Separate catheters (Secalon-T ,Merit Medical, Singapore) were inserted
into the right atrium via the right internal jugular vein for pressure measure-
ment and anesthesia maintenance, as well into the aorta via the right carotid
artery for pressure measurement and blood gas sampling. Heparin was admin-
istered (400U /kg). Median sternotomy was performed. A pressure-volume
catheter (VentriCath 510S, Millar Inc, Houston, TX) was inserted into the
left ventricle via the ascending aorta and the left atrium was catheterized for
pressure measurement. Non-ventricular pressures were measured with Mer-
itrans DTXPlus transducers (Merit Medical, Singapore). Aortic flow was
measured with an ultrasonic transit-time flow probe (20PS, Transonic Sys-
tems Inc, Ithica, NY). The probe was calibrated against the roller pump
supplying perfusate to the left atrium ex vivo, using simultaneous probe and
roller pump time-volume measurements collected prior to the start of experi-
ments. This aortic flow was used as a measurement of in vivo cardiac output.
Blood gas measurements (ABL 700, Radiometer, Copenhagen, Denmark)
were taken prior to at-rest measurements to ensure normal blood chemistry.
in vivo hemodynamic measurements were recorded at rest and following a
20 ng adrenaline bolus.
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2 Methods

2.3 Ex vivo evaluation

The ex vivo system was primed with perfusate composed of 1.5 L Kreps so-
lution with 5% Dextran 40, and 7% albumin, into which fresh whole blood
from the donor pig was mixed to achieve a mean hematocrit of 22% (2%
SE), making a total volume of ~3 L. The oxygenator kept the perfusate at
normothermia and facilitated gas exchange using 100 ml/min of 95 % oxygen
and 5% carbon dioxide. In addition to the heparin left in the whole blood,
5000 U were added to the perfusate. Pharmacological support for heart func-
tion in the absence of the pituitary gland and brain stem was provided via
continuous infusion, as specified in [Steen et al., 2012]: 1 mg adrenaline and
1mg noradrenaline for vascular tonus, heart rate, and heart contractility,
1 mg cocaine to prevent noradrenaline reuptake, 0.3 mg triiodothyronine, and
300 mg cortisol were all diluted with 0.9% NaCl saline solution into a 50 ml
syringe. Infusion rates were initially set at 0.1 ml/h and adjusted up to 4 ml/h
according to need.

After the in vivo testing, the heart was preserved with St. Thomas’ car-
dioplegic solution at 4 °C. Custom-made cannulas were fastened to the aorta
and left atrium. The pressure-volume-loop catheter was inserted into the left
ventricle via the aorta, and the left atrium was cannulated for pressure mea-
surement. The cardioplegic time was 30 min (4 min standard error, hereafter
SE).

The heart was mounted into the system, connecting the preload and af-
terload to the atrium and aorta, respectively. To de-air the system, the aorta
was positioned vertically, then the heart was slowly filled with perfusate via
the left atrium, with the afterload set fully open (both pressure limits set to
0mmHg). Flow to the atrium was then stopped, and the heart was flushed
by pumping perfusate into the aorta at 900 ml/min and setting the after-
load diastolic-limit-chamber pressure to achieve a mean aortic pressure of
50 mmHg, leaving the systolic-limit pressure set to 0 mmHg. This provided
pressure-regulated coronary flow (Langendorff perfusion) to flush and warm
the heart. Perfusate not flowing into the coronary arteries escaped through
the afterload to the reservoir. Defibrillation was provided in the event of ven-
tricular fibrillation. Once empty-beating sinus rhythm was established, the
pump to the aorta was stopped and perfusate was provided to the left atrium
via the preload, initiating working mode perfusion.

Cardiac output (roller pump flow to the left atrium), diastolic-limit-
chamber pressure, and systolic-limit pressure were then slowly adjusted to
physiological resting levels, aiming to match the heart’s measured in vivo
values. However, its observed performance ex vivo was considered when
adjusting, so as not to damage the heart in an attempt to perfectly match
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the in wvivo loading. Measurements were taken after the heart reached a
steady state. The system was similarly readjusted after administering the
20 pg adrenaline bolus.

3. Results

Hemodynamic waveforms from three cardiac cycles under each test condi-
tion representative of the group are shown in Figure 5. In vivo and ex vivo
hemodynamics are shown for each heart at rest in Figure 6 and after a 20 png
adrenaline bolus in Figure 7. Aortic pressures are shown with the corre-
sponding afterload limit settings, with mean (markers) and extrema (bars,
representing systolic and diastolic pressures) averaged over five representa-
tive cardiac cycles. Similarly, the mean aortic flow, left atrial pressure, and
heart rate are shown. Across all hearts ex vivo, these mean systolic and di-
astolic pressures had ranges 93-123 mmHg and 73-104 mmHg respectively
at rest, and 103-160 mmHg and 73-113 mmHg respectively post-adrenaline.
Grouped by exertion level, mean systolic, diastolic, and pulse pressures were
slightly higher in vivo than ex wvivo over five representative cardiac cycles:
+14 (SE 6) mmHg, +6 (SE 4), and 47 (SE 4) mmHg respectively at rest
(n =6), and +26 (SE 10), +16 (SE 12), and +10 (SE 10) mmHg respectively
post-adrenaline (n = 5).

In 4 out of 6 hearts, blood loss during in vivo cannulation led to hypo-
volymia, requiring saline infusion and, in the case of Heart 6, defibrillation
and continuous adrenaline infusion (0.1 pg/kg/min). Heart 6 received exces-
sive defibrillation energy in vivo due to a defibrillator error, after which it
was frequently arrhythmic. As a result, the left atrium in Heart 6 was not
catheterized for pressure measurement in vivo, and the heart showed little
response to adrenaline ex vivo so the diastolic and systolic afterload limits
were not raised from the resting level. Heart 2 had chronic pericarditis result-
ing in poor left ventricular performance and making it prone to arrhythmia.
As such, an adrenaline bolus was not administered to this individual ez vivo.
Despite the instability of these hearts, they were successfully perfused in
working mode at physiological systolic and diastolic aortic pressures.

Figure 8 shows instantaneous cardiac powre (CP) for Heart 1 over five
cardiac cycles, representative of the hearts tested. Across all individuals, there
was no significant difference in mean CP in vivo and ez wivo, while peak
cardiac powers were significantly higher in vivo in particular in the post-
adrenaline case. The differences between in vivo and ex vivo mean CP were
+26 (SE 19) mmHgL/min at rest (n = 6), and +125 (SE 83) mmHgL/min
at post-adrenaline (n = 5), while the differences in peak CP were 4384 (SE
109) mmHgL/min at rest (n = 6), and +1550 (SE 196) mmHgL/min at
post-adrenaline (n = 5).
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Figure 5. Comparison of aortic pressure (AP), left ventricular pressure
(LVP), left atrial pressure (LAP), and aortic flow in vivo and ez vivo, at
rest and after a 20 pg adrenaline bolus. Measurements are from Heart 1 and

representative of the group.
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(LAP), and heart rate (HR) in vivo (pink, circles) and ez vivo (measured
values in green with triangle markers, interval between set afterload limits in
blue) for each heart at rest. The pink and green bars show the total range
and the markers show the mean of each value averaged over five cardiac
cycles.
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Figure 7. Aortic pressure (AP), aortic flow (AF), left atrial pressure
(LAP), and heart rate (HR) in vivo (pink, circles) and ez vivo (measured
values in greeb with triangle markers, interval between set afterload limits
in blue) for each heart after a 20 ng adrenaline bolus. The pink and green
bars show the total range and the markers show the mean of each value
averaged over five cardiac cycles.
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Figure 8. Instantaneous cardiac power of Heart 1, calculated as the
pointwise product of left ventricular pressure and aortic flow, at rest and
after a 20 pg adrenaline bolus, both in vivo and ez vivo.

The waveforms in both Figure 5 and Figure 8 are in systole for a larger
portion of each cardiac cycle ex vivo compared to in vivo, as is expected due
to the higher ex vivo heart rates. Shorter ventricular filling times at these ex
vivo heart rates may account for lower peak CP.

Difficulties in the placement and orientation of the conductance catheter
resulted in unreliable volume measurements. With the exception of 3 in vivo
and 4 ez vivo treatments out of a total of 23, the volume measurements were
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Figure 9. Left ventricular pressure-volume loop measurements over five
cardiac cycles in Heart 1.

contrary to the physiological pressure and flow waveforms measured. Figure 9
shows the one heart where all four treatments gave representative pressure-
volume loops. The ex vivo loops show early filling of the ventricle during
diastole. The ex wvivo heart is susceptible to aortic valve insufficiency; early
filling is observed in previously published ex vivo working heart pressure-
volume loops using various afterloads [White et al., 2015; Xin et al., 2018;
Gellner et al., 2020]. The pressure peak at end-systole ex vivo post-adrenaline
is suspected to be a measurement artifact caused by compression of the pres-
sure transducer against the ventricle wall.

4. Discussion

In this paper we evaluated the design of a novel ez vivo cardiac afterload
with independently adjustable systolic and diastolic pressure limits. The af-
terload was tested with 6 porcine hearts at rest and following an adrenaline
bolus, with systolic and diastolic aortic pressure and cardiac output adjusted
to near-physiological levels in both cases. The afterload generated multi-
ple loading conditions in each heart representative of physiological values,
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though yielding slightly lower ex vivo pressures as compared to in vivo pres-
sures for the same heart. The general shape of er vivo AP matches the in
vivo measurements, as seen in Figure 5. As this study is an initial evaluation
of the afterload concept, data was collected from only 6 hearts. Given this
low number, statistical analysis beyond means and standard errors has been
omitted.

A discrepancy between the afterload limit values and the observed sys-
tolic and diastolic aortic pressures is seen in Figure 6 and Figure 7. The
column of perfusate between the afterload cuff and the aortic pressure trans-
ducer contributes a positive offset between the aortic pressures and their
corresponding limits in the afterload. Although the afterload is designed to
behave in an on-off fashion at the systolic and diastolic pressure limits, the
physical construction of the afterload leads to some linear dynamics. The air
volume in the cuff contributes compliance, and the lumen through the cuff
contributes resistance to flow. As a result of this resistive property, increas-
ing flows yield slightly higher systolic pressures even at the same the same
afterload pressure limits, for example during the onset of increased heart
rate and higher peak aortic flows post-adrenaline, so long as the pressures
remain below the set limit. An exception is seen in Heart 1 post-adrenaline,
where systolic aortic pressures exceed the set limit. Occasional sticking of the
systolic limit diaphragm valve was observed, and in this case the valve may
have not opened fully, limiting the displacement of volume from the cuff and
preventing a widening of the afterload lumen.

When the afterload is operating in pressure ranges between the diastolic
and systolic limits there are two possible mechanisms for volume displace-
ment in the cuff, allowing the lumen through the afterload to widen. Cuff
volume can be reduced by compression of the air in the cuff, or by leakage
through the valves. An ideal systolic-limit diaphragm valve would not allow
any airflow out of the cuff until the limit pressure is exceeded. Consequently,
increases in the systolic-limit pressure would have no impact on the observed
systolic aortic pressure while the heart is generating pressures below the set
limit. However, this was not the behavior observed. At systolic aortic pres-
sures below the limit, an increase in the systolic limit pressure resulted in
increased systolic aortic pressure. Rather than behaving in an on-off fashion,
the systolic-limit diaphragm valve acts as a variable resistance with the sys-
tolic limit controlling the resistance of air leakage from the cuff through the
valve. As a result, the systolic aortic pressure is controllable via the systolic
limit despite being below the set limit. Furthermore, when operating between
the set limits, systolic aortic pressure depends on the diastolic pressure limit,
since both air compression in the cuff and leakage through the systolic-limit
diaphragm valve are proportional to the difference between cuff pressure and
the diastolic-limit pressure. Managing this coupled behavior manually be-
comes impractical in a time-pressured clinical setting. Instead we propose
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Figure 10. The control loop used for the diastolic- and systolic-limit
pressures in the afterload, with Cc,ss being a hand-tuned PID controller.
In the diastolic case, the pressure of the diastolic-limit chamber is con-
trolled (setpoint r; and measurement yi), with a roller pump forcing air
into the chamber (u). In the systolic case, a roller pump (u) pressurizes the
membrane of a diaphragm valve; the pressure in the cuff must exceed the
set pressure of the diaphragm valve (setpoint r1 and measurement y1) to
escape from the cuff back into the diastolic-limit chamber. Disturbance d
represents the offset between the measured diastolic or systolic aortic pres-
sure and the corresponding afterload pressure. An outer loop (grey) may be
added to compensate for d using aortic pressure feedback, with diastolic or
systolic-limit set point r2 and corresponding aortic measurement ys.

an additional control loop to set the pressure limits in the afterload accord-
ing to feedback of the measured systolic and diastolic aortic pressures, as
illustrated in grey in Figure 10. This would enable more rapid and accurate
control of the loading conditions while maintaining the safety limits offered
by the nonlinear behavior of the adjustable afterload. To similarly main-
tain safe beat-to-beat systolic and diastolic aortic pressures would require
impractically fast parameter adjustment in a Windkessel-style afterload. An
example of manually implemented cascaded control was done with Heart 5,
matching ex vivo aortic pressures to those measured in vivo, as shown in
Figure 6 and Figure 7.

5. Conclusion

The afterload demonstrated the ability to recreate a variety of cardiac loading
conditions ez vivo, under varying levels of exertion and across multiple hearts.
The afterload concept enables control diastolic and systolic aortic pressure by
means of the air cuff pressure limits. However, slight discrepancies between
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the set pressure limits and resulting aortic pressures were observed. While
possible to manually compensate for these, as done with Heart 5, doing so
in a future clinical setting is impractical, and a cascaded automatic feedback
control structure is therefore proposed.
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Paper V

Actively controlled cardiac afterload

Henry Pigot Ylva Wahlquist Kristian Soltesz

Abstract

Ez vivo (outside of the body) working heart models enable the eval-
uation of isolated hearts. They are envisioned to play an important
role in increasing the currently low utilization rate of donor hearts for
transplantation. For the heart to work in isolation, an afterload (flow
impedance) is needed. To date, afterload devices have been constructed
by combining multiple constituent elements such as pumps, flow resis-
tances, and flow capacitances (compliances), typically to replicate the
structure of so-called Windkessel models. This limits active control to
that achievable by varying these elements, making it slow and sub-
ject to the problem of dynamic coupling between parameters. Here we
present a novel concept to achieve Windkessel dynamics through a very
simple variable flow impedance. The impedance is actively controlled
using feedback from a pressure measurement. Through simulations
we demonstrate the ability to perfectly emulate Windkessel dynam-
ics, while imposing tight pressure limits needed for safe operation—
something not achievable with the verbatim implementation using con-
stituent elements.

Originally published IFAC-PapersOnLine, 22nd IFAC World Congress
(2023). Reprinted with permission.
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to coronary

arteries |/
from left
ventricle

aortic valve

Figure 1. Schematic of the afterload mechanism (above dashed line) con-
nected to the heart (below). The afterload consists of a plunger actively con-
trolled to position 0 < u < d. The flow through the device consists of the
aortic flow ¢, and an auxiliary contribution ¢, chosen to ensure ¢ + ¢ > 0.
Plunger position control is based on measurements of aortic pressure p.

1. Introduction

FEr vivo working heart models enable the organ to be studied in isolation
from other physiological systems. In addition to being a valuable tool in
basic physiology and pharmacology research, such models show potential
for use in functional evaluation of donor organs prior to transplantation, as
described by [White et al., 2018; Gellner et al., 2020a]. Functional evaluation
may facilitate the safe use of organs from marginal donors—organs that would
otherwise go unused—Dby providing clinicians with concrete evidence of organ
performance, thereby expanding the organ donor pool.

Cardiac afterload is the impedance the body poses to blood flow from
the beating heart. Ex vivo working heart models rely on devices that emu-
late this load. Ideally, a cardiac afterload device mimics physiological after-
load while also enabling beat-to-beat control of arterial pressure—pulmonary
artery pressure, if used with the right side of the heart, or aortic pressure
if used with the left side. Ensuring that arterial pressure remains between
prescribed limits is critical for the safety of the organ under test. When beat-
ing outside of the body, the heart lacks the protective pleura that otherwise
prevents over-extension of the ventricle in the event of high arterial pres-
sures. Similarly, it is necessary to maintain a lower bound on aortic pressures
to ensure sufficient perfusion of the coronary arteries during diastole despite
variations in heart performance. These two factors make beat-to-beat control
of cardiac afterload particularly important in ex vivo working heart models.

Cardiac afterload devices traditionally take one of two forms: a verbatim
implementation of the common Windkessel lumped parameter models made
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up of discrete resistive and compliant elements as in [Westerhof et al., 1971;
Gellner et al., 2020b], described further in Section 2.2, or as a fixed resistive
element supplemented by a centrifugal pump attached to the artery as in
[White et al., 2015]. The latter are capable of maintaining a lower bound on
diastolic aortic pressure as set by the pump speed, while systolic pressures
are dependent on the geometry of the afterload. Windkessel-based afterload
designs rely on the tuning of resistive and compliant elements to set dias-
tolic and systolic pressures. However, the parameters in both these afterload
concepts are only slowly adjustable, such as in [Fisher et al., 1984; Hatami
et al., 2019; Gellner et al., 2020b], and the parameters are inherently coupled,
making them unsuitable for beat-to-beat control of arterial pressures.

In [Pigot et al., 2022], a novel nonlinear afterload concept was introduced.
The concept is based on a variable compliance chamber that enables dias-
tolic and systolic limit control. Here, we propose a more versatile, actively
controlled afterload concept designed to mimic physiological afterload and
provide beat-to-beat arterial pressure control. The use of feedback control
enables a much simpler operating principle, consisting of a constant flow
source and variable flow conductance controlled at high bandwidth relative
to hemodynamics. We describe the variable-conductance concept using first-
principles models and provide a control strategy to emulate common afterload
models with the addition of pressure limits. We then investigate the afterload
concept using simulation.

2. Method

2.1 Variable-conductance afterload

We want to control a dynamic aortic flow impedance using a variable flow
conductance. An ideal, time variable, flow conductor relates aortic pressure
p to aortic volumetric flow ¢ through Ohm’s law

p=1, (1)

where the conductance Y is the reciprocal of the resistance R = Y.

The conductance is varied by moving a plunger that changes the flow path
cross section area between some small—but non-zero—minimum value and
some larger maximal value, as shown in Figure 1. The plunger is designed so
that its position u is directly proportional to the conductance throughout its
range of motion 0 < u < d:

u
Y =Yoo >0. (2)

While the heart is viewed as a flow source in the Windkessel model liter-

ature, see [Westerhof et al., 2009], it is arguably more physiologically correct
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to consider it as a power source as discussed by [Pigot and Soltesz, 2022,
providing a time-varying instantaneous power profile

w = pp. (3)

In normal physiology, a flow reversal can occur at the beginning of di-
astole, just before the aortic valve closes, after which the diastolic aortic
pressure facilitates coronary perfusion until the start of systole. The coro-
nary flow is small relative to total cardiac output, and thus not explicitly
modeled in the Windkessel literature. From (2) we get that u >0=7Y > 0.
Taking this into account, (1) dictates p < 0 whenever ¢ < 0 (being the case
during flow reversal) while v > 0. A problem with this is that unlike the
arterial vasculature that can provide a reverse flow thanks to its compliance,
our plunger cannot. To eliminate this problem, a mechanically forced auxil-
iary perfusate feed flow ¢ is introduced between the heart and the variable
conductance, as schematically illustrated in Figure 1.

With the auxiliary flow in place, our conductance model (1) is extended
into p

-+
p= (4)
The auxiliary flow rate ¢ needs to be sufficiently large to ensure a positive
aortic pressure. Let wpyi, be the smallest expectable instantaneous power. If
Wmin > 0, we can omit the auxiliary flow and thus set ¢ = 0. Otherwise,
combining (3) and (4), we can write

pY:%ﬂb- (5)

Knowing that Y > 0, we can re-write (5) as

2 ¢ w_
p—?p—?—() (6)

2
=t (o) 3 (7)

There thus exists a positive real solution p if and only if

with solutions

P* L w

Since Y > 0 according to (2), the condition (8) can equivalently be written

¢% + 4wy > 0. (9)
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The case requiring the largest ¢ thus occurs when —wY is maximal. Letting
Wmin < 0 denote the smallest expected power, the worst case condition occurs

at wpin Yo, making
¢ >2 V —Wmin Y0 (10)

sufficient. Note, however, that (10) is only a necessary condition if wy;y, is
attained while Y =Y.

2.2 Emulating dynamics

Linear time-invariant reference dynamics Our objective is to actively
control the position u of the plunger in Figure 1 to emulate desired dynam-
ics between aortic pressure p and flow . In a realistic scenario one could
measure the aortic pressure p with either a sensor in the perfusate stream,
or—knowing the plunger cross section area—by the force by which the per-
fusate pushes onto the plunger. However, accurate direct measurements of
aortic flow ¢ or instantaneous cardiac power w at a sample rate matching the
time scale of the involved cardiac dynamics (at least tens of Hertz) remain
elusive. We will circumvent the need for such measurements, through using
the combined actuation model of (4) and (2) as a very simple soft sensor
providing an estimate

o= "tup—g. (1)
In (11) we use the same notation for measured and actual pressure, as well
as for estimated and actual flow. This brings us to a set of assumptions that
we make:

o Disturbances acting on the pressure measurement and plunger position
control are negligible.

« Discrepancies between the plunger model (2) and the dynamics of the
device implementing it are negligible. This allows us to utilize (2) in

(11).

¢ Delay between obtaining a new pressure sample and updating plunger
position is negligible. This allows us to update plunger position instan-
taneously based on fresh pressure measurements.

e The plunger can be moved fast compared to the time scale of the (car-
diac) dynamics that the system is to emulate. This allows us to assume
that there are no dynamics between change of plunger position refer-
ence and actual plunger position w.

e Pressure is equitemporally sampled at a constant rate h that is suffi-
ciently faster than the emulated dynamics, and slower than the plunger
position dynamics. This means that w does not change notably between
consecutive sampling instances.
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¢ The auxiliary flow ¢ is controlled to a known constant level, such that
v+ ¢ > 0, or equivalently by (4) p > 0 is maintained at every instance.

o Historic pressure-flow data are consistent with the reference dynam-
ics. This means that it is sufficient for us to maintain this consistency
from one sample to the next in order to perfectly track the reference
dynamics.

We deem it realistic to approximate the above assumptions related to mod-
eling and measurement well through adequate hardware design, and discuss
the topic further in Section 4.
Let the reference dynamics that we wish to emulate be expressed through
a continuous-time transfer function G(s) (such as a Windkessel model) from
aortic flow ¢ to pressure p. Zero-order-hold sampling of G at rate h, and
subsequently applying the inverse z-transform then produces a difference
equation
pe = H(g e, (12)

where subscript & indicates the time t = kh, so that for instance p, = p(kh),
and where ¢! is the backward shift operator such that ¢~™pr = Pr—m.
If G is of order n, H can be parameterized as

. bo—l—blq_l—l—...—l—bnq_"
l4+aig ' +...+apg ™’

H(q™") (13)
As a consequence of zero-order-hold sampling, there is no approximation error
associated with (13) at the sampling instances. The constant coefficients by,
and ay, of (13) can be numerically (and in some cases analytically) determined
based on G and h as described in for example [Astrém and Wittenmark,
2011], and thus assumed to be known to us. For future convenience we also
introduce the notation

B (q_l) =big 4+ ... b ", (14a)
Al(q_l) =aig ' 4. Fang ", (14b)
that enable us to write

_ bo+ Bi(q™t)
H(g ') = ————2. 15
) = T (15)
Let pr denote the pressure measurement sampled at time ¢ = kh, calcu-
lated in simulation using (7). We use (3) and (11) to reconstruct the (directly
immeasurable) instantaneous power

_ _(Yy
Wk = PrPr = P (;ukpk - ¢> . (16)
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where @y, is the actuation-model-based flow corresponding to py.

If (13) lacks direct term, signified by by = 0, we can—assuming as stated
above that we have historically matched the reference dynamics—solve for
the pressure

pr = Bi(qg )or — Ar(g " )pr - (17)

Ck

The right-hand-side, denoted c; can be considered known at sampling in-
stance k, since A1(q~!)px is a known linear combination of previously com-
puted pressures, while B1(¢ 1 )¢r = B1(¢ ') (wk/pr) only relies on previ-
ously computed pressures and reconstructed instantaneous powers. One can
note that in order for the reference dynamics to be trackable, it is required
that ¢; > 0. We will not go into details of analysing conditions for this, but
suffice it to conclude that any reasonable LTI system (such as a Windkessel
model) intended to describe the dynamics between aortic flow ¢ and pressure
p will stay in the regimen of p > 0.

Thus pg is known and the plunger can be moved to a new position wug
that is consistent with both the reconstructed instantaneous power wy of
(16) and the aortic pressure py of (17) dictated by the reference dynamics.
This is done by combining (5) and (2), resulting in

P <wk+¢>. (18)

~ Yopr \ pk

If there is a direct term, signified by by # 0, (13) instead gives us

pr —bowr = Bi(q™ )i — Ar(a™ " )pr, (19)

Ck

where ¢, is the same as in (17) and thus can be considered known. Using (3)
we can eliminate @y, from (19) and arrive at the quadratic equation

Pr — ckpr — bowg, = 0 (20)

Ck C%
Pr = o} + 1 + bowg,. (21)

In order to honor continuity of the pressure profile, the positive solution that
minimizes pr — pr—1 is chosen. We may also note that the solutions of (21)
turn complex when ci + 4bgwy, < 0. For the concerned Windkessel models it
holds that by > 0, leading to complex solutions if and only if wy, < —c3 /(4bo).

As in the case without direct term, the computed reference pressure py. is
used to update the plunger position from ug_1 to uy according to (18). This
procedure is then repeated each time a new pressure measurement sample
arrives.

with solutions
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Enforcing pressure limits Pressure limits can be imposed to ensure that
the aortic pressure p remains within a safe span pnin < p < pmax. A simple
way to achieve this is to clamp py to this span before applying (18). Doing
so will of course violate the dynamics whenever the limits are active, but
provide a practically feasible alternative to online adjustment of Windkessel
model parameters to maintain pressure limits in presence of e.g. arrythmic
events, as illustrated later in Section 3. Note that the Windkessel state (p,¢)
must be tracked during clamping so as not to disrupt the desired dynamics.

Two-element Windkessel model Starting with the simplest Windkessel
model, made up of two elements as described in [Frank, 1899; Westerhof et
al., 2009], the dynamics from flow to pressure are expressed by the transfer
function

Ry

C) = T eRys

(22)

Zero-order-hold discretization and subsequent application of the inverse z
transform, as outlined in Section 2.2, yields

bo +big~?!
H(g) = ————— 23
(@)= Tt (23)
where
bo =0,
b1 —Rp(l—Tl),
a; = —T1,
and
= e~/ (CRyp)

The lack of direct term means that we can employ (17) with
ek =Ry (1= 71) ¢ "o+ 1a” 'y (24)

Four-element Windkessel model Similarly, the 4-element Windkessel
model as described in [Deswysen et al., 1980; Westerhof et al., 2009] is ex-
pressed by the transfer function

R, R,

G(s) = R, — . 25
) = Rt TR T4 L/ s (25)
The zero-order-hold discretized version has the structure
b big~ L + bag 2
H(g ) = 0 + b1~ + ba2g (26)

1+ aigt +axg?’
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Table 1. Windkessel model parameters used in the simulations.

Model R, C R. L
mmHg L mmHg mmHg-min
L/min mmHg L/min L/min

2-element 13.6 0.0996
4-element 13.6  0.0743 0.952 0.0952

where
bO = Rm
by =R, — R. — 1 (R, + R.),
b2 = RC’Tl — RPTQ + RpTlTQ,
a1 = —T1 — T2,
az = T172,
and
To = e_Rch/L.

The presence of direct term means that we can employ (21) with
ek = (big™ " +b2q7%) or — (a1q7" + azq?) pi. (27)

2.3 Simulation examples

Simulations were performed to emulate 2- and 4-element Windkessel dynam-
ics, with and without pressure limiting. The simulations were implemented in
Julia, and the code and data used to generate the results published here are
available on GitHub, see [Pigot, 2023]. Measured human aortic volumetric
flow from [Stergiopulos et al., 1999] was used as input to discretized Wind-
kessel models with parameters fit to the corresponding human aortic pressure
measurements as described in [Pigot et al., 2021}, provided

in Table 1. Both data sampling and model discretization were done with
period h = 5ms. The product of the input flow and resulting pressures
from each model were used as the driving cardiac power for the respective
simulations.

Maximum plunger displacement d was set to 3 cm, and maximum conduc-
tance Yo = 0.9 (L/min)/mmHg was tuned heuristically to yield displacements
within this range. The lower bound ¢ > 49.6 L/min given by (10) (for the
2-element model) is very conservative in practice, since wy,;, does not cor-
respond to the fully open plunger position where Y = Yj. Therefore, ¢ was
set heuristically to a value below that, 21 L/min. The initial plunger position
was set to u = d/2 to generate the first p and ¢ values used for plunger
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position control, which avoids excessive loading of the heart during startup.
After several beats, transient behavior caused by the initial conditions dies
out and the simulation reaches steady-state. The simulation results reported
in Section 3 show the last two of 20 cardiac cycles, long after initial condition
transients become negligible.

3. Results

Figures 2 and 3 show afterload simulations where the plunger position is
actively controlled to replicate the 2- and 4-element Windkessel dynamics in
Table 1, respectively. The plots illustrate simulation with (blue, solid) and
without (red, dashed) upper and lower pressure limits on aortic pressure p.
The limits were set to 80 and 105 mmHg for illustrative purposes, though a
wider range of admissible pressures would generally be considered.

Practical examples of pressure-limiting are shown in Figures 4 and 5,
where two arrythmic events are simulated with pressure limits set at 50
and 120mmHg using the the 4-element Windkessel dynamics in Table 1.
In Figure 4 the third beat occurs early (shifted back by 70% of the cardiac
period), as in [Pigot and Soltesz, 2022], causing the upper limit to be enforced.
To illustrate the lower limit, the second beat in Figure 5 is delayed by one
cardiac period.

In all mentioned examples, the afterload simulations without pressure
limits resulted in p and ¢ that are indistinguishable from the corresponding
discrete-time Windkessel model simulations (error less than single precision
machine epsilon). The pressure-limit-imposed differences in aortic flow in
Figures 2 and 3 appear subtle compared to the differences in pressure. This
is due to the differences between the minimum and maximum values; the
differences in pressure appear clearer as it is plotted from 70-110 mmHg
while flow is plotted from —5-30L/min.
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Figure 2. Afterload simulation with plunger position u actively con-
trolled to replicate 2-element Windkessel dynamics with (blue, solid) and
without (red, dashed) limits on aortic pressure p, driven by cardiac power
w. The limits are 80 and 105 mmHg. The resulting p and ¢ without limits
are indistinguishable from the 2-element Windkessel model simulation.

4. Discussion

The method presented here illustrates that it is in principle possible to repli-
cate a wide range of dynamics relating pressure and flow, using the proposed
afterload concept with auxiliary flow, schematically illustrated in Figure 1.
However, in a viable implementation, the assumption made in Section 2.2
would require explicit attention. There will for example be noise on the pres-
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Figure 3. Afterload simulation with plunger position u actively con-
trolled to replicate 4-element Windkessel dynamics with (blue, solid) and
without (red, dashed) limits on aortic pressure p, driven by cardiac power
w. The limits are 80 and 105 mmHg. The resulting p and ¢ without limits
are indistinguishable from the 4-element Windkessel model simulation.
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sure measurement p, and inaccuracies in the actuation model (2). Investigat-
ing the impact of deviations from the assumptions will be a central part of
future work. A simple way would be to introduce stochastic noise models,
such as additive or multiplicative Gaussian noise to the simulation and in-
vestigate the impact of its variance on tracking performance. To get a better
understanding of where in the cardiac cycle the system is most sensitive to
measurement noise one could instead assume perfect tracking up to sample
k, then compute and plot O(py — p})/0Dk, where p} is the pressure corre-
sponding to the updated plunger position, based the noise-free measurement
Dy, while py is the corresponding pressure that would arise if the measure-
ment was instead pg. Similar analyses can be conducted to map out the
impact of actuation model inaccuracies. However, it can be expected that
they are more difficult to accurately characterize than the pressure measure-
ment noise. Depending on the outcome of the analyses mentioned above, it
might be necessary to de-tune tracking performance to reduce sensitivities
to these deviations from the assumptions.

When first attaching a cardioplegic heart to the afterload system, it could
be set to a constant pressure target. In this mode, the afterload would provide
a flow-controlled constant pressure source to perfuse the coronary arteries—
so called Langendorff mode perfusion, see [Langendorff, 1895]—wherein any
perfusate not entering the coronary arteries would be shunted through the
afterload, as evidenced by the illustration in Figure 1. After the resumption
of normal cardiac rhythm, the afterload dynamics could be controlled to the
desired dynamics, such as 4-element Windkessel with pressure limits. Our aim
is to perform such tests in large animal experiments using hearts procured
from pigs. A cyber-physical implementation of mechanism of Figure 1 has
been constructed. Experiments are planned to commence shortly, once the
prototype has undergone dry run tests.
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Figure 4. Afterload simulation with the third beat shifted back by 70%
of the beat period. The afterload is controlled to replicate 4-element Wind-
kessel dynamics with (blue, solid) and without (red, dashed) limits on aortic
pressure p, with limits set to 50 and 120 mmHg.
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Figure 5. Afterload simulation with the second beat delayed by one beat
period. The afterload is controlled to replicate 4-element Windkessel dynam-
ics with (blue, solid) and without (red, dashed) limits on aortic pressure p,
with limits set to 50 and 120 mmHg.
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Erata

There was a unit error in time in Paper II. The input data, originally mea-
sured in seconds, were not converted to minutes when fitting parameters with
minutes as their time-unit. Although this led to incorrectly scaled parameter
values, first introduced in Table 2., the presented methods and conclusions
remain valid. These incorrect parameter values were also used for the simu-
lations in Paper IIT and V.
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Utvardering av donerade hjartan
infOr transplantation

LUND Henry Pigot

UNIVERSITET Institutionen for Reglerteknik

Populérvetenskaplig sammanfattning av doktorsavhandlingen Afterload system de-
sign for functional donor heart assessment, mars 2024. Avhandlingen kan laddas
ner frdn: http://www.control.lth.se/publications

Denna avhandling strdvar efter att forbittra utvirderingen av hjiartan donerade
for transplantation, i syfte att mota bristen pa anvindbara organ. Manga donerade
hjértan kasseras i dagslidget pa grund av osdkerhet kring deras tillstand, vilket ofta dr
relaterat till syrebrist. Denna syrebrist kan orsakas av hjrtstillestand hos donatorn
eller uppsta under transport.

For nirvarande saknas en palitlig metod
for att bedoma hjértats funktion efter syre-
bristskadan och fore transplantation. Att ob-
servera hjartat under vanliga forhallanden,
dér det pumpar blod mot kroppens motstand,
ar avgorande for en korrekt bedomning. Det-
ta kan astadkommas med ett utvirdingssy-
stem dér hjértat slar mot ett mekaniskt mot-
stand som hédrmar kroppens.

Utvecklingen av matematiska modeller
och datorbaserade simuleringsverktyg som
imiterar forhallandena ett hjirta upplever nir
det pumpar blod i ménniskokroppen utgor
en central del av avhandlingen. Fokus har Ett motstand (gratt, till hoger), som imi-
legat pa att skapa justerbara flodesmotstand ferar kroppen, anvinds for att bedoma
som noggrant aterskapar dessa forhallanden. /ydrtats (lingst ner) pumpkapacitet un-
Eftersom varje hjirttransplantationspatient ar 9¢” realistiska forhallanden. Foto fran

e o . Artificial Organs, Pigot et al, 2022.

unik, justeras motstanden automatiskt av en

dator for att aterspegla blodomloppet i den tilltinkta mottagaren och samtidigt sé-
kerstilla att skadligt hoga eller 1dga blodtryck i hjértat undviks. Detta uppnas genom
aterkoppling fran tryckgivare och andra sensorer. Utdver simuleringar har en ver-
sion av systemet med 3D-utskrivna flédesmotstand framgangsrikt demonstrerats pa
grishjértan. Detta &r ett viktigt steg pa végen till kliniken dér teknologin kan utgora
ett viktigt beslutsunderlag som mojliggor fler sdkra transplantationer.



http://www.control.lth.se/publications




A system for improving heart
assessment before transplantation

' Henry Pigot
LUN y T

UNIVERSITY Department of Automatic Control

Popular science summary of the doctoral thesis A Cyberphysical System for Donor
Heart Assessment, March 2024. The thesis can be downloaded from: http: //www.
control.lth.se/publications

This research aims to improve the assessment of donor heart quality for transplan-
tation to address the shortage of viable organs. Many donor hearts are currently
discarded due to uncertainties about their condition, often related to oxygen de-
privation. This deprivation can occur due to cardiac arrest in the donor, or during
transport of the heart from the donor to the recipient.

Currently, there is no reliable method
for assessing heart function after oxygen
deprivation damage and prior to transplan-
tation. Observing the heart under normal
conditions, where it pumps blood against
the body’s resistance, is crucial for an accu-
rate assessment. This can be achieved using
an evaluation system where the heart beats
against a mechanical resistance that mimics
the body.

The development of mathematical
models and computer-based simulation
tools that emulate the conditions a heart
faces when pumping blood in the human

body make up a central part of- the thesis. dy, is used to judge the heart’s (bottom)
Focus is also put on creating adjustable re- pumping function under realistic condi-

sistance devices that accurately replicate yions. Photo from Artificial Organs, Pigot
these conditions. Since all heart transplant ¢r al, 2022].

patients are different, the devices are de-

signed to adjust resistance to match a variety of potential recipients, while prevent-
ing harmful resistance levels. This is achieved through precise computer control,
which continuously monitors the heart’s condition and adjusts the resistance as
needed. Beyond simulations, a version of the system with 3D-printed resistance
devices are successfully demonstrated with pig hearts. This is an important step
toward clinical implementation of the technology, where it can act as an important
basis for decision-making that enables more safe transplants.

A resistance (right, grey), that imitates the
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