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Pharmacological up-regulation of heart rate in ex vivo heart evaluation

Erik Steen1 Kristian Soltesz1 Mei Li2 Henry Pigot3 Audrius Paskevicius4 Qiuming Liao4 Stig Steen4

Abstract— In this paper, we present the development of a
closed-loop drug delivery system for heart rate up-regulation
in a novel ex vivo setup for functional evaluation of donor
hearts. Such up-regulation is required to enable physiologi-
cal testing aimed at supporting transplant decision-making.
Clinical constraints prioritize safety over setpoint tracking
performance. Accordingly, we develop a minimal dynamical
model capturing the relevant response characteristics and use
it to derive a closed-form upper bound on overshoot and tune
a simple integrate-reset controller. We describe the real-time
control system, which estimates heart rate from blood pressure
measurements and regulates adrenaline infusion via a clinically
certified pump. The controller design and modeling framework
are discussed. Finally, the system is demonstrated in three
ex vivo experiments on porcine hearts, showing closed-loop
performance comparable to carefully executed manual drug
titration. The controller is now used routinely in our ongoing
evaluations.

I. INTRODUCTION

A. Background

The increasing use of donation after circulatory death
(DCD) has created a clinical demand for objective, repeatable
assessment of donor heart function. In contrast to donation
after brain death (DBD), DCD hearts experience a period of
warm ischemia followed by reperfusion, and their functional
recovery can vary substantially [1]. Whereas DBD donors
retain intact circulation up to procurement, permitting in
vivo functional assessment, DCD donors offer a substantially
larger potential donor pool but cannot be assessed in vivo
because circulation has ceased [2], [3], [4]. Without the
possibility to assess organ function prior to implantation,
“marginal” hearts from, for example, older donors are there-
fore excluded from contemporary transplantation programs,
particularly DCD. As a consequence, only about one third
of available donor hearts are utilized for transplantation [5].

The supply of donor hearts could be markedly increased
if acceptance decisions were driven primarily by observed
functional performance, excluding only those hearts that ex-
hibit clinically relevant dysfunction. It is to this end the heart
evaluation system (HES) is being developed, to evaluate the
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Fig. 1: Photo of a heart under evaluation.

function of isolated hearts under circulatory load [6], [7]. The
system delivers oxygenated perfusate—supplemented with
pharmacological agents [8]—and allows the heart to pump as
it would in the body. Afterload—the arterial flow impedance
of the body—is emulated by a closed-loop controlled pneu-
matic system. Unlike simpler pre-clinical systems based on
so-called Langendorff perfusion [9] or verbatim implemen-
tation of (active, but non-adaptive) Windkessel dynamics
[10], this enables beat-to-beat response adaptation, making
evaluation across clinically relevant workload cases possible.
Figure 1 depicts the system during an ongoing evaluation of
a porcine heart; Figure 2 provides a schematic drawing of the
HES. This paper develops the dynamical model and control
approach for heart rate regulation in the HES.

B. Pharmacological up-regulation of heart rate

Rather than electrical pacing [11], we have aimed at
pharmacological up-regulation of heart rate, to more closely
resemble physiological conditions: the transplanted heart is
denervated and relies on circulating catecholamines rather
than autonomic neural input [12]. To do this, we have de-
signed a computer-based control system that computes heart
rate from available left ventricular pressure measurements
read from the HES, and titrates dosing of adrenaline into
the evaluation system perfusate using an infusion pump. We
know from multiple porcine heart evaluation experiments that
pharmacological support is needed to maintain a sufficiently
high heart rate, and that drug sensitivity varies between and
within subjects (as evident from the experimental results in
section III). On multiple occasions we have also observed
changes in heart rate that were not preceded by dosing
changes. Hence it is clear that we are facing varying (un-
certain) dynamics, in the presence of unknown disturbances.



Fig. 2: Heart evaluation system (HES) flow schematic. Red:
left (aortic) circuit; blue: right (pulmonary) circuit. Pumps
PL, PR, and Poxy drive flows QL, QR, and Qoxy re-
spectively; Paorta provides retrograde aortic perfusion (QA)
during startup. Adjustable afterloads Raorta and Rpulm define
arterial and pulmonary loading. Coronary return QCF enters
a reservoir–oxygenator circuit via a flow meter. Infusion sites
A and B indicate drug delivery points; site B was used in
the three experiments.

The aim of the up-regulation is not to tightly track a
heart rate setpoint. Instead, it is to maintain heart rate within
a range suitable for functional evaluation, while avoiding
large and prolonged overshoots caused by over-dosing. In
the following we describe and demonstrate our approach to
meet this aim.

II. METHOD

A. Heart evaluation system (HES)

The evaluation system [6] is shown in Figures 1 and 2.
The heart is mounted with four cannulations—two venous
inlets (left and right atria) and two arterial outlets (aorta
and pulmonary artery)—enabling separate control of the
aortic and pulmonary circuits. During startup, the aortic
pump Paorta provides retrograde aortic perfusion to establish
coronary flow. When the heart is beating, the left pump
PL supplies perfusate to the left atrium via the left inlet.
When perfusate is ejected from the left ventricle, one fraction
perfuses the coronary circulation to sustain the myocardium,
while the remaining fraction passes through the adjustable
left afterload Raorta and returns to the interconnector. Coro-
nary venous return enters the right atrium, adding to the flow
of the right pump PR, and is then pumped by the right
ventricle to the pulmonary artery where it passes through
the right afterload Rpulm and re-enters the right circuit.

Coronary flow transfers volume from the left side to the
right side. The volume is continuously routed via a flow
meter to the reservoir by way of the oxygenator circuit
for reoxygenation and temperature control. The oxygenator
pump Poxy is operated at a higher flow than the coro-
nary return so that perfusate is continuously drawn from
the interconnector, ensuring stable oxygenation and heating
throughout the perfusion circuit. A drug infusion line (e.g.

adrenaline) was placed at infusion site B (reservoir), as
shown in Figure 2.

B. Heart rate response dynamics

There are multiple phenomena contributing to the dynamic
behavior relating drug (adrenaline) infusion and heart rate.
The fundamental pharmacokinetics (PK) consist of mixing
and elimination of drug within the ex vivo perfusion circuit.

While it is plausible that the pharmacokinetics could
be modeled using compartment models, similar to those
employed when synthesizing closed-loop anesthesia control
systems [13], doing so for control would typically require
online drug-concentration measurements within the perfusion
circuit. We collected extensive offline perfusate samples
with the objective of identifying such models; however,
the resulting adrenaline concentration measurements were
not sufficiently reliable to reconstruct concentration time
courses across experiments. We therefore do not pursue
concentration-based PK identification in the present work.
Instead, we focus on capturing the combined pharmacoki-
netic–pharmacodynamic (PKPD) behavior in a lumped in-
put–output model, using drug infusion rate as input and
resulting heart rate as output.

Across many porcine heart evaluation experiments with
manual drug titration, we have observed substantial inter-
subject variability in heart rate response. Several physiologi-
cal and experimental factors are likely to contribute; however,
the relevant covariates and their predictive value have not yet
been systematically established in this setting. The observed
dynamics are also influenced by operating conditions of the
evaluation system and by concomitant drugs used to stabilize
hemodynamics during ongoing experiments.

The above suggests that identifying high-fidelity mecha-
nistic models with broadly transferable parameters can be
challenging in practice. However, unless high bandwidth
or very tight setpoint-tracking demands are imposed, the
required model fidelity is substantially lower. In our case,
the design specification is to keep heart rate close to a
user-specified setpoint while avoiding large overshoots and
limiting settling time following setpoint changes or episodes
of process disturbances. To quantitatively investigate the
trade-offs between tracking accuracy, overshoot magnitude,
and settling time, we nevertheless require a dynamic model.

Here we set out to devise a minimal, physiologically
sound, lumped-parameter model that captures the phe-
nomenological behavior we have observed in manually dosed
experiments:

• Following an increase in drug infusion rate, the heart
rate settles at a higher value, with a fast time constant
T1, on the time scale of seconds to a few minutes.

• Following a decrease in drug infusion rate, the heart rate
decreases to a lower value, with a slow time constant
T0, on the time scale of tens of minutes.

For reference, in vivo adrenaline is cleared with a half-
life of only a few minutes [14]; the substantially longer T0



observed in our experiments reflects the absence of biological
clearance pathways in the ex vivo perfusion circuit.

To maintain a physically and physiologically reason-
able model, we consider the average drug concentration
q(t) [µg L−1]. The simplest possible (PK) model that links
drug (adrenaline) infusion rate u(t) [µgmin−1] to q(t) is

q̇(t) = − 1

T0
q(t) +

1

V
u(t), (1)

where T0 [min] is the time constant at which drug is
eliminated from the perfusion circuit; V [L] is the circuit
volume, and the time unit is chosen to be minutes, so that
q̇(t) [µg L−1 min−1].

The simple (PD) model that can be used to model the
settling dynamics following infusion rate increases is the
following effect-site model,

q̇e(t) =
1

T1
q(t)− 1

T1
qe(t), (2)

where T1 [min] is the settling time constant, and qe(t) is the
effect-site concentration. In other words, the dynamics (2)
linking q(t) and qe(t) is a first-order system with transfer
function

Ge(s) =
1

sT1 + 1
. (3)

The resulting heart rate could be expected to depend non-
linearly on an effect-site drug concentration qe(t). This could
be modeled for example using a PD component comprising
of a Hill sigmoid, to take into account saturation effects at
low and high drug concentrations, as explained in e.g., [13].
However, a successful heart rate control system will operate
close to a working point that is far from these saturations, and
where the following linearization of the nonlinear PD model
constitutes an adequate approximation (empirically tested in
section III):

y(t) = y0 + kqe(t), (4)

where y(t) [min−1] is the modeled heart rate, y0 [min−1]
is a base-line heart rate in absence of drug, and
k [L µg−1 min−1] is the linearization of the PD gain.

Introducing the state vector x(t) = [q(t) qe(t)]
⊤, we arrive

at the following state-space system description by combining
(1), (2), and (4):

ẋ(t) =

−
1

T0
0

1

T1
− 1

T1


︸ ︷︷ ︸

A

x(t) +

 1

V

0


︸ ︷︷ ︸

B

u(t),

y(t) = y0 +
[
0 k

]
︸ ︷︷ ︸

C

x(t).

(5)

The model (5) captures the phenomenological behavior we
are after, while being extremely simple. The volume V can
be determined exactly, offline; T0, T1, and y0 can be learnt
(estimated) from data, as described below.

C. Controller design

Owing to the accumulative nature of the perfusion circuit,
cf. (1), the dynamics are close to integrating. Thus, turning
infusion off will result in a slow decay in y, rather than a
rapid decline. With this observation in mind, we propose an
extremely simple “integrate–reset” control law:{

u̇(t) = α, r(t) > y(t),

u(t) = 0, r(t) ≤ y(t),
(6)

with integration ramp speed α [µgmin−2] as the only tunable
parameter. The control law (6) can be written u(t) = α(t−
t0) where the assignment t0 ← t is performed whenever
r(t) ≤ y(t). The controller is initialized at t = t0 to start at
rest with u0 = u(t0) = 0. A larger value of α results in a
faster response, but also a larger overshoot. For a given α,
the overshoot magnitude is determined primarily by T1, as
T0 ≫ T1.

Starting at y(t0) = y0 with r > y0, the overshoot peak
value ymax following the first control signal ramp resulting
from (6) can be computed in two steps. Without loss of
generality, we can assume t0 = 0 to simplify our analysis.
The first step is to determine the state x of (5) at the instance
when u(t) switches from u(t) = α(t− t0) = αt to u(t) = 0.
This happens at time ts at which y(ts) = r. Using (5),
starting in x(t) = 0, with the ramp input u(t) = αt, we
can write down the analytic solution

y(t) =y0 +
αk

V

[
T0t− T0(T0 + T1)

+
T0

T0 − T1

(
T 2
0 e

−t/T0 − T 2
1 e

−t/T1

)]
.

(7)

Solving for t = ts (where y(ts) = r > y0) is only possible
numerically as (7) lacks analytic solution. We therefore
exploit our knowledge of T1 ≪ T0, and treat the first state
as an integrator, ẋ1(t) ≈ αt/V , resulting in

y(t) ≈ y0 +
αk

V

(
t2

2
− T1t+ T 2

1

(
1− e−t/T1

))
. (8)

While simpler, (8) still lacks analytic solution for t = ts
with y(ts) = r > y0. However, we can see from (5) that the
overshoot will be larger the larger ts is, which is another way
to say that the overshoot is increasing in r − y0. Asserting
ts ≫ T1 we can then use (8) to produce the approximation

ts ≈ T1 +

√
2V

αk
(r − y0)− T 2

1 . (9)

The assumption ts ≫ T1 implies that the fast filter (3)
has had sufficient time to track the slower upstream state,
such that x2(t) ≈ x1(t) − T1ẋ1(t) during the ramp phase.
At the switching instance t = ts, the output satisfies y(ts) =
y0 + kx2(ts) = r, while the upstream state is approximately

x1(ts) ≈
α

2V
t2s. (10)



After the control input is reset to zero at t = ts, the dynamics
are governed by the homogeneous system in (5). The second
state continues to increase as long as x1(t) > x2(t), and the
overshoot peak occurs at the time instant tp > ts for which

x1(tp) = x2(tp). (11)

Under the valid assumption T0 ≫ T1, the upstream state
x1(t) varies negligibly during the short post-switch transient
of duration O(T1). The overshoot peak is therefore attained
when x2(t) has relaxed to x1(ts), yielding the approximation

ymax ≈ y0 + kx1(ts). (12)

Using (10) together with the approximation (9) for ts, we
obtain the explicit overshoot estimate

ymax ≈ r +
αkT1

V

√
2V

αk
(r − y0)− T 2

1 , (13)

valid for T0 ≫ T1 and ts ≫ T1.
The intuitive take-away here is that the overshoot ymax−r

is, according to (13), monotonically increasing in both T1

and r−y0, within the validity region of the model, ts ≫ T1.
By choosing a low value for y0, a high value for r, and
a high value for T1, we can thus use (13) to compute a
conservative (low) value of α to not exceed a specified
acceptable overshoot ymax. Likewise, the overshoot increases
as perfusate volume V decreases, and the overshoot increases
in the PD gain parameter k. As a reminder, the bound (13)
assumes T0 ≫ T1 and ts ≫ T1. Under these conditions,
(13) over-estimates the actual overshoot, primarily because
approximation (12) ignores the slow decay of x1 during
the post-switch transient [ts, tp], and approximation (10)
treats x1 as a pure integrator during the ramp phase. This
conservatism is verified numerically in Fig. 3.

Based on the above discussion, we have used y0 =
65 min−1, which was the lowest observed heart rate in ab-
sence of pharmacological stimulation in our porcine ex vivo
experiments; r = 160 min−1, which is the largest setpoint
we anticipate using; T1 = 2 min, which is slower than
the response speed observed when previously giving manual
bolus doses. Furthermore, the actual perfusate volume V =
4 L was used alongside the PD gain parameter estimate
k = 5 L µg−1 min−1, gauged from previous bolus responses.
It was decided that ymax − r = 25 min−1 is an admissible
overshoot. Altogether, this translates into employing the
controller parameter tuning α = 2/3 µgmin−2.

Figure 3 shows a simulated response of the closed-loop
control system that validates the overshoot approximation
used for controller tuning. In this simulation, we have used
T0 = 30 min.

D. Heart rate detection and filtering

Left ventricular pressure was used to estimate heart rate
via a prominence-based peak detector described in [15]. The
exact peak locations are subject to timing jitter, even during
steady beating. The intervals between subsequent maximal
systolic-phase pressure gradients dP (t)/dt are less prone to
jitter and were therefore used to detect heart rate.
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Fig. 3: Simulated response, verifying that the actual over-
shoot stays well below the 25min−1 bound stipulated by the
over-estimation by (13). The simulation starts at t = 0 min
with heart rate y(0) = y0 = 65 min−1, at which time
the closed-loop controller is activated with a setpoint of
r = 160 min−1. At t = 60 min, the controller is effectively
deactivated by setting r = y0.

To avoid spurious controller resets caused by short ar-
rhythmic episodes, the median value from a trailing window
of width Tw [s] is used. (Matching at −3 dB (half-power)
gain, this corresponds to a first-order low-pass filter with
time constant Tf ≈ 0.36Tw.) The resulting heart rate, y,
served as the controller input. In the first experiment, the
average was taken over a window of length Tw = 6 s.
This short window led to premature resets of the integrating
control signal, increasing the time to reach the setpoint. In
subsequent experiments, the median heart rate value was
used instead over a lengthened trailing window of Tw = 60 s.

E. Real-time control system

Pressure was recorded using disposable pressure transduc-
ers (Meritrans DTXPlus®; Merit Medical, USA) connected
to an Arduino-based data acquisition unit with sampling
frequency 333Hz. Adrenaline infusions were titrated via
infusion site B, see Figure 2, by a syringe pump (Alaris®
TIVA; CareFusion, USA) and for which we have written
Python serial-over-USB drivers. The controller was imple-
mented in Python, in a custom-designed threaded environ-
ment. Left ventricular pressure was streamed online from the
data-acquisition unit and the resulting heart rate estimate was
updated at 1Hz. The filtered heart rate signal was then used
to evaluate the integrate–reset law (6), and the commanded
infusion rate was updated at 1Hz. A graphical user interface
was developed to monitor heart rate and infusions in real-
time during experiments; all data was logged to file.

F. Experiments

The animals (Sus scrofa domesticus, body weight 49,
42, and 37 kg) were sedated and anaesthetized according
to the protocol described in [6]. Animals were euthanized
by exsanguination under deep anaesthesia at the time of
cardiectomy.

When the heart was mounted in the HES and beating
normally, the left and right pumps were set to achieve left



and right cardiac outputs of 45mL/min/kg body weight
(reference normal-stimulation value reported in [6]).

Experiments 1 and 2 followed a protocol comprising three
sequential heart rate setpoints followed by a final decay
phase. The setpoint was advanced to the next value once
two controller resets had been observed.

During experiment 3, the heart rate setpoint was
100min−1 while two left-heart evaluation maneuvers were
performed to investigate control performance during hemo-
dynamic tests representative of a heart evaluation experiment.

For these tests, noradrenaline was needed in addition to
adrenaline, to provide both inotropic (contractile strength)
and chronotropic (pacing) support. To this end, adrenaline
was replaced by an evaluation drug mixture described further
in [6]. The adrenaline-to-noradrenaline ratio in the infusion
mixture was 1:1, and the adrenaline concentration (drug
mass per infused volume) was kept equal to that used in
experiments 1 and 2.

Two types of hemodynamic tests were used: one bringing
the heart to a high-flow working point, and one bringing
the heart to a high-pressure working point. For the former,
afterload impedance was set to yield AP ≈ 100/70mmHg,
and cardiac output was increased until LAP = 10mmHg;
the corresponding maximum cardiac output was recorded.
For the latter, cardiac output was held at 70mLmin−1 kg−1

(reference high-stimulation value reported in [6]), and after-
load impedance was increased (raising systolic and diastolic
AP ) until LAP = 10mmHg; the maximum achieved
arterial pressures were recorded.

All experiments were approved by the Ethics Committee
for Animal Research at the University of Lund (approval
No. 5.8.18-22454/2021) and conducted in accordance with
Directive 2010/63/EU of the European Convention for the
Protection of Vertebrate Animals Used for Experimental and
Other Scientific Purposes.

III. RESULTS

Figure 4 shows the measured heart rate together with
fitted-model trajectories for the three experiments. Since
the model (5) is a local linearization (4), we report both
global fits (one parameter set per experiment, shown in red)
and piecewise fits (separate parameter sets in two operating
regions, shown in green); consistency of the latter within
narrower windows tests the local-linearization premise.

For experiments 1–2, the split was placed immediately
before the setpoint change from 120 to 160min−1. For
experiment 3, the split was placed before and after the
evaluation maneuver (excluding minutes 37–63).

The parameters were estimated by minimizing the ℓ2 norm
of the prediction error between the measured heart rate and
the output of (5), driven by the same control input u as
applied in the experiment.

For our design, the estimates of T0 and T1 are the
ones of highest interest. The global estimates for the three
experiments were T0 = {44, 18, 106}min and T1 =
{0.1, 5.2, 0.6}min, confirming substantial variability. In con-
trast, the piecewise fits produced more consistent estimates

of the slow time constant T0 (part 1: {28, 10, 21}min;
part 2: {37, 12, 29}min), supporting the interpretation that
the model is locally adequate over narrower operating ranges.
The fast time constant estimate T1 was less consistent (part 1:
{0.1, 6.6, 0.9}min; part 2: {0.1, 6.0, 0.6}min). Three sub-
sequent experiments with operator-applied bolus, sawtooth,
and step inputs yielded global T0 = {38, 79, 75}min and
T1 = {14, 2.1, 0.1}min, broadly consistent with the ranges
above.

Experiment 1: The controller reached and maintained the
first two heart rate setpoints but did not reach the third
setpoint of 160min−1. Brief fluctuations (noise) in the
heart rate estimate intermittently triggered the controller and
repeatedly reset the infusion rate before the setpoint was
reached. To address this, the 6 s averaging window for heart
rate calculation was exchanged for a 60 s median window,
as described in section II-D.

Experiment 2: The controller reached the first two heart
rate setpoints. Relative to Experiment 1, substantially higher
infusion rates were required to reach the 140min−1 setpoint
(approximately twice the mean infusion rate). The heart
rate also exhibited pronounced transient variability, most
clearly around 140min into the experiment (Figure 4). Given
the pronounced heart rate variability and the high infusion
rates required to reach 140min−1 and maintain 120min−1,
the third setpoint (160min−1) was not attempted and the
infusion was turned off to initiate the decay phase.

Experiment 3: The heart rate was initially 72min−1,
and reached the 100min−1 setpoint after ∼ 7min. Af-
ter an initial overshoot of 14min−1, the heart rate re-
mained within ±3min−1 of the setpoint. The heart produced
a COL of 4.2L/min during the high-flow test and the
heart rate increased to 120min−1. The high-pressure test
reached 155/140mmHg arterial pressure with a heart rate of
138min−1.

Across the experiments, our simple controller managed to
track the setpoint with a 4±4 min−1 (mean±std) error (rise
and decay phases excluded).

IV. DISCUSSION AND CONCLUSION

This paper has described the development of a pharma-
cological control system for heart rate up-regulation in a
novel ex vivo heart evaluation system. A dynamical model
and controller with focus on simplicity in the presence
of large response variability were developed, implemented,
and evaluated in three porcine experiments. The result is
a controller with only one tunable parameter constituting
a trade-off between response speed and overshoot. Exper-
iments 1 and 3 showed that the heart rate setpoint could
be adequately tracked. In contrast, experiment 2 displayed
atypical responsiveness: with approximately twice the mean
infusion rate required to reach and sustain the first setpoint
compared with Experiment 1. Such variability is expected
across hearts and may be accentuated in injured preparations.
Experiment 2 further highlights that variability can be both
inter- and intra-subject: the heart rate shifted rapidly between
regimes, on a timescale that could not be coupled to the



Fig. 4: Global and piecewise model fits for the three experiments. Upper row: measured heart rate y(t) (blue), global fit
(red), piecewise fit (green) and setpoint (black). Lower row: infusion rate u(t). Experiment 3: the shaded region (37min to
63min) corresponds to the flow- and pressure tests described in section II-F; deviations from setpoint within this region are
co-located with the tests.

infusion profile. A controller that escalates infusion until the
setpoint is reached warrants operator oversight in its current
form, particularly for marginal or injured hearts. Future
iterations should incorporate explicit safety constraints and
criteria for detecting weak or saturating responsiveness to
prevent continued escalation when the expected effect is
absent.

Experiment 3 highlighted that loading conditions can
modulate heart rate, and thus act as a disturbance on the
control system.

All-in-all, the results show that reliable heart rate regula-
tion in an ex vivo setting can be achieved with very simple
control. The integrate–reset structure provides predictable
behavior with a single tuning parameter. Closed-loop per-
formance matched careful manual titration, while reducing
operator workload and improving repeatability. This makes
the proposed system a practical and robust solution, now
used routinely in our ongoing ex vivo evaluations, replacing
manual titration.
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