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Abstract

Background

Left ventricular assist devices (LVADSs) are an established treatment for end stage heart fail-
ure patients. As LVADs do not currently respond to exercise demands, attention is also
directed towards improvements in exercise capacity and resulting quality of life. The aim of
this study was to explore hemodynamic responses observed during maximal exercise tests
to infer underlying patient status and therefore investigate possible diagnostics from LVAD
derived data and advance the development of physiologically adaptive LVAD controllers.

Methods

High resolution continuous LVAD flow waveforms were recorded from 14 LVAD patients
and evaluated at rest and during maximum bicycle exercise tests (n = 24). Responses to
exercise were analyzed in terms of an increase (1) or decrease () in minimum (Qun),
mean (Quean), maximum flow (Quax) and flow pulsatility (Qpop). To interpret clinical data, a
cardiorespiratory numerical simulator was used that reproduced patients’ hemodynamics at
rest and exercise. Different cardiovascular scenarios including chronotropic and inotropic
responses, peripheral vasodilation, and aortic valve pathologies were simulated systemati-
cally and compared to the patients’ responses.

Results

Different patients’ responses to exercise were observed. The most common response was
a positive change of AQynT and AQpopT from rest to exercise (70% of exercise tests). Two
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responses, which were never reported in patients so far, were distinguished by QT and
Qpop/| (observed in 17%) and by Qunl and Qpopl (Observed in 13%). The simulations indi-
cated that the Qp,p| can result from a reduced left ventricular contractility and that the
Quminl can occur with a better left ventricular contractility and/or aortic insufficiency.

Conclusion

LVAD flow waveforms determine a patients’ hemodynamic “fingerprint” from rest to exer-
cise. Different waveform responses to exercise, including previously unobserved ones,
were reported. The simulations indicated the left ventricular contractility as a major determi-
nant for the different responses, thus improving patient stratification to identify how patient
groups would benefit from exercise-responsive LVAD control.

Introduction

Left ventricular assist devices (LVADs) have become an established therapy to manage end-
stage heart failure [1]. Patients receive an LVAD with different treatment intentions: as a
bridge to cardiac transplant, as a bridge to further treatment decision, as bridge to cardiac
recovery, and even for lifetime implantation (so-called destination therapy). This results in a
patient population with a broad spectrum of demographic parameters and comorbidities with
individual pathophysiological conditions. Patients typically benefit of hemodynamic normali-
zation at rest after LVAD implantation.

Despite increasing implantation rates over the last decade with improvements in patient
outcomes and acceptable durability of currently used LVADs [1], exercise capacity remain
substantially lower compared to gender and age predicted values [2]. Exercise capacity, often
referred to by measurements of oxygen uptake at peak exercise, involves mechanisms at multi-
organ levels with a prominent component related to cardiac function [2,3]. Exercise response
in LVAD patients may reflect underlying differences in cardiac and peripheral conditions, as
well as in the interaction between the assisted left ventricle and the LVAD, strongly tied to the
overall cardiac output. This study is an attempt to characterize these patients’ cardiac and
peripheral conditions at the level of the pump flow waveform and hypothesize their
determinants.

Currently used LVADs operate at a fixed pump speed with different resulting supporting
levels. When the cardiac demand is solely delivered by the pump one speaks of full-support.
With a partial ventricular support by the LVAD, an additional volume of blood is ejected
through the aortic valve in parallel to the output provided by the LVAD. Improvement in car-
diac output with exercise results with fixed LVAD operation from the adaptations of the
patient’s cardiovascular system, rather than from an increase in pump output [4], thus indicat-
ing possible improvements by exercise-responsive LVADs. However, a proper characterization
of patient residual adaptation mechanisms to exercise is important for the design of exercise-
responsive LVADs. High-resolution LVAD flow waveforms have proven to be a valuable
source of information for the detection of patient’s hemodynamic status [5]: Aortic valve (AV)
opening [6,7], heartrate [8], suction events [9], contractility and relaxation parameters [10,11].
This LVAD-based diagnostics can be therefore performed systematically during exercise tests,
thus revealing the unobserved information of this complex interaction between heart and
LVAD. The aim of this study was to evaluate, for the first time ever, patients’ hemodynamic
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LVAD flow waveform responses during exercise and compare the results to the responses
reproduced with systematic cardiorespiratory numerical simulations (performed independent
from responses observed in patients). This should help to design physiologically adaptive con-
trols which take into account different types of exercise as well as individual patient
conditions.

Methods

This work consists of a clinical study conducted on 14 patients that underwent a total of 24
maximal bicycle exercise tests while high resolution LVAD data were recorded. The LVAD
data of these patients collected from rest to exercise were analyzed and compared to the LVAD
data resulting from a cardiorespiratory simulator. The cardiorespiratory simulator reproduced
hemodynamics during exercise for the average LVAD patient from literature with additional
single cardiovascular parameter changes described in detail below.

Patient analysis

Patient data was collected within a prospective observational study approved by the Institu-
tional Review Board of the Medical University Vienna (EK-243/2011, ClinicalTrial.gov identi-
fier: NCT01981642). High resolution LVAD data (motor current and impeller rotational
speed) of patients implanted with an HVAD (Medtronic Inc., Minneapolis, MN, USA) during
maximum bicycle exercise tests were recorded continuously with a sampling frequency of 50
Hz. Pharmacologic treatment of patients was in accordance with the guidelines of the Euro-
pean Society of Cardiology [12] and included beta-blocker, ACE-inhibitor, diuretica, calcium-
channel blockers and Angiotensin II type I receptor blockers. Mean arterial blood pressure lev-
els from 70-85 mmHG in these patients were desired. Echocardiographic examination of the
right ventricular function was assessed according to the recommendations of the American
college of cardiology [13]. The classification of the right ventricular function was made based
on global visual assessment [13,14] and staged as normal or, in case of dysfunction as mild,
moderate or severe dysfunction.

Patients’ exercise tests were performed on a bicycle ergometer and included cardiopulmo-
nary exercise tests (upright position) and bicycle stress-echocardiography (semi-recumbent
position). The incremental increase in workload was determined by the clinician on a patient-
individual basis, according to previous results of maximum or sub-maximum physical capacity
tests. Bicycle ergometer tests were performed until subjectively perceived maximum physical
capacity symptoms developed. Additional information concerning the performed tests is pro-
vided in reference [15].

Pump flow was estimated from the recorded LVAD motor current and impeller rotational
speed [16] and heartrate (HR) was derived subsequently using a previously developed method
[8]. For each cardiac cycle the following hemodynamic features were calculated (see Fig 1):
pump flow minimum (Qyn), mean (Qprean), maximum (Qpax) values, flow pulsatility
(Qp2p) and aortic valve (AV) opening [6,17]. LVAD waveform responses were classified by the
changes of the parameters Qun, Qmean> Qmax and Qpyp. The symbols | and T will be used to
indicate negative (<0 L/min) and “positive” (>0 L/min) parameter changes from baseline to
peak exercise.

Statistical analysis

Data was processed and analyzed with MATLAB (TheMathworks Inc., Natick, MA, USA).
Metric variables were tested for normality with the Shapiro-Wilk test for small sample sizes
and are reported as mean * standard deviation (SD) for normally distributed data. Non-

PLOS ONE | https://doi.org/10.1371/journal.pone.0229688 March 18, 2020 3/17


https://doi.org/10.1371/journal.pone.0229688

PLOS ONE

Hemodynamic exercise response with an LVAD: Comparison of patients’ response and cardiorespiratory simulations

LVAD Pump Elow

Quiax Oisi AV
A i

QM IN <—>

3| Cardiac cycie ]
length

2 1
0 1 2 3
Cardiac Cycles (n)

Fig 1. Analyzed LVAD waveform parameters. LVAD pump flow features analyzed to characterize patients’ response
to exercise. For description of symbols please refer to the text.

https://doi.org/10.1371/journal.pone.0229688.9001

normally distributed data is reported as median with 25" and 75™ percentile (quartile 1 & 3).
Statistical significance for responses in LVAD parameters was calculated with the two sample
t-test for the normal distributed metric data and with Fisher’s exact test for nominal variables.
Statistical significance was set at p<0.05.

Exercise simulations

To evaluate possible hemodynamic mechanisms responsible for responses in LVAD parame-
ters to exercise, a computational simulator was used and a sensitivity analysis for systematic
single parameter changes performed. The simulator was developed at the Cardiac Surgery
Department of the Katholieke Universiteit Leuven in LabVIEW (National Instruments Austin,
TX, USA) (see Fig 2). The simulator included a lumped parameters model representing the
cardiovascular and respiratory systems combined together and specifically adapted to repro-
duce heart failure conditions [18,19]. The cardiovascular system included a time varying ela-
stance model for the representation of the atria and ventricles. The circulation is split into
different circulatory compartments (ascending and descending aorta, upper body, kidneys,
splanchnic circulation, left and right leg, superior and inferior vena cava and pulmonary circu-
lation), in which the metabolic state of oxygen consumption and production of carbon dioxide
can be simulated depending on physical exertion.

Specific physiological feedback mechanisms were implemented to reproduce the cardiore-
spiratory changes observed from rest to exercise. Autonomic control regulated sympathetic
nerve overstimulation and vagal withdrawal resulting in vasoconstriction of the systemic cir-
culation and positive inotropic and chronotropic responses of the heart during exercise. Meta-
bolic control regulated the vasodilation in the peripheral tissues, if hypoxia was detected.
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Fig 2. Cardiorespiratory simulator. Schematic diagram of the cardiovascular compartments and biological feedback control loops (arrows) of the cardiorespiratory

simulator.

https://doi.org/10.1371/journal.pone.0229688.9002

Concerning ventilation, a specific control was implemented that regulates tidal volume and
ventilation frequency according to the oxygen and carbon dioxide partial pressure sensed in
the upper body.

The model of the LVAD was implemented according to the in-vitro measurements with a
HVAD pump reported in [16] and connected between the left ventricle and the aorta (see Fig
2) [20-22].

The average hemodynamic condition of LVAD patients at rest were simulated with a
LVAD flowrate of 4.8 L/min (full support, thereby equaling the cardiac output) ata LVAD
speed of 2700rpm as described in [23-27]. Then, a bicycle exercise with an intensity of 80
watts was simulated, corresponding to an oxygen uptake of 15.2 ml/min/kg, a typical maxi-
mum value reported in LVAD patients at peak exercise. The simulation evolved in order to
attain the exercise hemodynamic condition, with similar hemodynamic adaptations as
reported by previous clinical studies [23-27]. This set of simulation parameters, that reproduce
an average LVAD patient, are referred to as baseline (BLrgs and BL, at rest and during exer-
cise respectively). In addition to that, other simulation runs were performed to mimic different
LVAD patient profiles. For this purpose, one cardiovascular parameter at a time was decou-
pled from feedback control mechanisms and manually changed instead. See Table 1 for a list
of these parameters and their changes.

Heart rate (HR), left/right ventricular contractility (EmaxL/EmaxR) and total peripheral
resistance (TPR) were increased and decreased by 20% compared to BL simulation at exercise.
This permitted to mimic a better/poorer chronotropic, inotropic or peripheral circulatory
response to exercise. Valvular pathologies, as observed in some LVAD patients, were also sim-
ulated such as aortic valve insufficiency (AI) and aortic valve stenosis (AS) [28,29]. The simu-
lated cardiovascular parameters mentioned beforehand are reported in Table 1.

A comprehensive overview of the cardiovascular parameter profile for the baseline simula-
tion and the parameter ranges of the performed simulations during exercise are shown in
Table 1. The LVAD flow, resulting from these different simulations, was analyzed with the
same signal processing routines used to analyze the clinical data (see Fig 3).
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Table 1. Cardiovascular simulation parameters.

Rest Exercise
Simulation Label BLgest Algest Baseline/-20%/+20% Simulation Label
Heart rate 75 113/90/136 BL/HR-/HR+
Left ventricular contractility (mmHg/cm?) 0.52 0.65/0.52/0.78 BL/EmaxL-/EmaxL+
Right ventricular Contractility (mmHg/cm®) 0.36 0.46/0.37/0.55 BL/EmaxR-/EmaxR+
Total peripheral resistance (mmHg*s/cm?) 0.92 0.47/0.37/0.56 BL/TPR-/TPR+
Aortic valve insufficiency none severe none/ severe BL/AI
Aortic valve stenosis none none none/severe BL/AS

Cardiovascular parameters at rest without and with aortic insufficiency (AI) and during exercise simulations with the labels: Baseline (BL), left ventricular contractility

(EmaxL), right ventricular contractility (EmaxR), total peripheral resistance (TPR), aortic valve insufficiency (AI) and aortic valve stenosis (AS).

https://doi.org/10.1371/journal.pone.0229688.t001

Results
Patient data

A total of 24 bicycle exercise stress tests, consisting of 18 cardiopulmonary exercise tests and 6
bicycle stress-echocardiography, were analyzed from 14 patients implanted with an LVAD.
Demographic, clinical and exercise data are reported in Table 2. For all bicycle exercise tests
the response in parameters AQyran and AQyax was always positive (1) whereas different

responses in AQuny and AQp,p occurred. Consequently, three different types of LVAD wave-
form responses were identified based on the changes of AQy iy and AQp,p. Response type 1 is
characterized by AQunT and AQp,pT and was found in 70% of all exercise tests. This response
occurred in all exercise tests of patients with the AV remaining closed at peak exercise and in
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Fig 3. Simulated LVAD hemodynamics. Left heart pressures, pump head pressure (H) and corresponding LVAD
pump flow with the analyzed flow waveform parameters from simulation. Hemodynamics corresponding to the time
points at Quax and Qupy are depicted with t1 and t2, respectively. Furthermore resulting pump flows from pump
head (H = AoP-LVP) and the LVAD’s characteristic are shown as HQ-Loop (top right).

https://doi.org/10.1371/journal.pone.0229688.g003
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Table 2. Patient demographics.

n (%) or Mean +* StD or Median (Quartile 1 & 3)

Patients

14

Gender (male/female)

12/2 (86%/14%)

Age (years) 58.9+10.8

BMI (kg/m?) 27248

Intermacs level: n 1: 4 (29%)
2:1(7%)
3:5(35%)
4: 4 (29%)

Etiology: CMP (isc. / non-isc.)

717 (50%/50%)

LVAD indication

BTT: 6 (43%)

BTC: 3 (21%)BTR: 1 (7%)

DT: 4 (29%)

Co-morbidities

Diabetes mellitus 5(36%)
Pulmonary hypertension 4 (29%)
Arterial hypertension 7 (50%)
Atrial fibrillation 3(21%)
ICD 11 (79%)
Renal insufficiency 3(21%)
COPD 3(21%)
Medication

Angiotensin-converting enzyme inhibitors 10 (71%)
Beta-blockers 12 (86%)
Diuretics 9 (64%)
Calcium-channel blockers 4 (29%)
Angiotensin II type I receptor blockers 2 (14%)

Echocardiography

Right ventricular function

Normal: 1 (7%)

Dysfunction: 13 (93%)

mild: 6 (43%)

moderate: 6 (43%)

severe: 1 (7%)

Bicycle Exercise Tests (n = 24)

VAD support (post operative days)

80 (59 & 431)

VAD speed (rpm)

2900200

CPET / Bicycle stress-echocardiography

18/6 (75%/25%)

Peak workload per bodyweight (W/kg)

0.49 (0.36 & 0.64)

Exercise duration (min) 7.7+1.8
pVO2 from CPETSs (ml/kg/min) 9.5+2.2
Respiratory exchange ratio from CPETs 1.1+0.1

Demographics, medications, right ventricular function assessed by echocardiography and type and measures of

exercise tests of the patients studied to analyze response in LVAD parameters during maximum bicycle exercise.

BMI = body mass index, Intermacs = Interagency Registry for Mechanically Assisted Circulatory Support,

CMP = cardiomyopathy, isc = ischemic, CPET: Cardiopulmonary exercise test.

https://doi.org/10.1371/journal.pone.0229688.t002

60% of all tests with the AV open at peak exercise. Response type 2 is classified by AQunT and
AQpp| and was found in 17% of all tests. Response type 3 is characterized by AQyn] and
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Table 3. Patients’ LVAD waveform responses.

Qmax (L/min)
Qumean (L/min)
Qi (L/min)
Qp2p (L/min)
Heartrate (bpm)

LVAD Speed (rpm)
Aortic Valve open/closed (n)

Bicycle Exercise Tests (n)/
Patients (n)

CPET (n) / Bicycle Stress-
Echocardiography (n)

Workload (W/kg)
Duration (min)

pVO2 from CPET

RV dysfunction (grade)

Response Type 1 (AQynT and AQp2pT)
Baseline — peak Exercise (Delta)

7.1£1.0 — 8.4+0.9 (A = +1.3+0.9, p = 0.001)
5.4+0.8 — 6.4£0.8 (A = +1.0+0.6, p = 0.001)
4.3+1.0 — 4.9£1.0 (A = +0.6+0.4, p = 0.09)
2.8+1.1 — 3.5£0.9 (A = +0.6£0.6, p = 0.07)
74+13 — 90+21 (A = +17£15, p = 0.01)

29424222
2/15 — 10/7 (p = 0.01)
17/10

14/3

0.4 (0.3 &0.7)
8.0 +1.8
8.7 (7.5 & 9.6)

mild: n = 4 Patients moderate: n = 5 Patients no

dysfunction (normal): n = 1 Patient

Response Type 2 (AQuvnT and AQpap|)
Baseline — peak Exercise (Delta)
7.2+1.1 — 7.4+1.2 (A = +0.320.1, p = 0.8)
4.6+0.9 — 5.2+1.1 (A = +0.6£0.3, p = 0.4)
2.6+1.4 — 3.1£1.3 (A= +0.6+0.3, p = 0.6)
46413 > 43412 (A=-0.3+0.2,p=0.7)
7146 — 91+13 (A = +19.8+8.3, p = 0.03)

2674206
3/1—4/0 (p=1)
4/4

2/2

0.4+0.2
6.4+1.6
{11.3 &9.1}

moderate: n = 2 Patients severe: n = 1 Patient no

dysfunction (normal): n = 1 Patient

Response Type 3 (AQuin|
and AQp2p1)

Baseline — peak Exercise
(Delta)

6.240.5 — 6.9+0.7 (A =
+0.7+0.6,p = 0.2)

4.6+0.5 — 5.0+0.5 (A =
+0.5+0.3, p = 0.3)

3.5£0.5 — 3.120.6 (A =
-0.3+0.2, p = 0.5)

2.8+0.1 — 3.8+0.7 (A =
+1.1+0.8, p = 0.06)

75+10 — 10711 (A = 31
+16, p = 0.02)

2766116
1/2 — 3/0 (p = 0.4)
3/2

2/1

0.7£0.1
7.742.2
{10.2 & 11.4}

mild: n = 2 Patients

Statistical analysis of patient responses in LVAD derived parameters during maximum bicycle exercise testing. (CPET: Cardiopulmonary Exercise Test, RV: right

ventricular, {. . .}: individual values reported due to CPETs n = 2)

https://doi.org/10.1371/journal.pone.0229688.t003

AQp,pT and was found in 13% of all tests. Response type 2 and 3 were only found in tests with
the patients’ AV open at peak exercise. The statistics for the subgroups of the three identified
responses is provided in Table 3. Additionally examples of the changes in LVAD waveforms
from rest to exercise in the three responses are shown in Fig 4. Individual LVAD parameter
responses for each bicycle exercise test can be observed in the online available data of this

study.

Five of the 14 patients underwent multiple bicycle exercise tests. Two of these five patients
showed intra-individual differences in responses, one patient due to different AV status at rest
(Patient Nr. 11 in S1 Table) and the other due to the occurrence of suction (Patient Nr. 2 in S1

Table).

Simulation data

Simulations refer to the exercise response of the average LVAD patient from literature (BL)
and to the additional responses summarized in Table 1. Simulated LVAD flow was analyzed
and classified with the same method used for clinical data. In the simulations the LVAD wave-
form parameter responses already identified from patient data occurred (see Fig 5).

Response type 1 (QuminT> QmeanT> QmaxT> Qpap]) was observed in most of the simulations:
BL, HR-, HR+, EmaxR-, EmaxR+, TPR+, TPR-, and AS. Response type 2 (AQpnT and
AQp,p]) was observed for the simulation EmaxL-. The AQyn] and AQp,pT from Response
type 3 was observed for the simulations EmaxL+ and Al. A negative AQpga of -0.1 L/min
was observed for the simulation EmaxL+, corresponding to an exceptionally good left
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Fig 4. Patients’ average LVAD waveform responses. Overview of the three average responses from patients’ LVAD pump flow at rest and during exercise. Parameter
values for the responses are depicted in Table 3.

https://doi.org/10.1371/journal.pone.0229688.9004

ventricular contractility. Furthermore for each simulation at exercise hemodynamics such as
total cardiac output and its repartition, preload and afterload surrogates are shown in Fig 6.

Discussion

This study shows diverse responses in hemodynamic LVAD flow during exercise. The cur-
rently held assumption on the response of the LVAD to exercise predicts only one of the differ-
ent responses observed (Response type 1), while this study also shows for the first time
different LVAD waveform responses that shed light on the remaining cardiac function and
overall on the patient-LVAD interaction. These observations were possible because of a unique
monitoring device that records high resolution pump flow waveforms, which is not an integral
part of the currently clinical available device. To understand the mechanisms underlying the
hemodynamic LVAD responses observed in patients, numerical cardiopulmonary simulations

were used.

LVAD waveform responses

The currently held assumption posits, that LVAD flow rate and waveform parameters increase
with preload (as a surrogate for physical activity or exercise) [30-32]. To better describe the
LVAD interactions with the cardiovascular system during exercise, we introduced a classifica-
tion strategy based on relevant and easily observable LVAD waveform parameters: Qi
QuEean> Qumax and Qp,p. The analysis we conducted on LVAD waveforms at exercise, revealed
that also a decrease in Qp,p or a decrease in Qypy with exercise was observed in some patients.

Response type 1 (AQuinT> AQmeanT> AQmaxT> AQpypT) supports the assumed LVAD
response to exercise and was found in the majority of exercise tests performed by patients and
in most results from the simulations. This response resulted from patients with an open AV at
peak exercise, as well as patients remaining in full-support. Similar responses were replicated
by BL (the average patient simulation) as well as all simulations with superimposed parameters
(HR+, EmaxR+, TPR+ and AS) except for EmaxL+ and Al

Response type 2 (AQp,p]) and response type 3 (AQumy|) were found in a minority of exer-
cise tests, all in patients with AV opening at peak exercise indicating associations of the LV
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Fig 5. LVAD waveform responses from simulations. Time normalized pump flow waveforms for simulations resulting in the LVAD waveform parameter responses
observed in patients. Heartrate for BLrgst was 75 bpm, for Alrgst 80 bpm, for HR- 90 bpm, for HR+ 136 bpm and ranging from 112 to 114 bpm for all other exercise
simulations. Abbreviations and overview of simulations are shown in Table 1.

https://doi.org/10.1371/journal.pone.0229688.9005

remaining contractile reserve. Indeed the results of the simulations support the importance of
the output through the AV to differentiate between the two waveform responses to exercise.
The decline in Qp,p occurred in the simulations with a poor LV (EmaxL-), whereas the decline
in Qi resulted from the simulations with a higher LV inotropic response or in presence of

AL

LVAD flow parameters

The mechanisms responsible for the change in beat-to-beat LVAD parameters were hypothe-
sized to correspond to the hemodynamics from the systematic simulations. The cardiorespira-
tory simulator provided helpful insights in underlying mechanisms difficult to analyze in
patients due the complexity with highly individual cardiac and peripheral responses to exer-
cise, confounding factors and the sparse availability of hemodynamic assessments in patients
during exercise tests.

Qumax- The increase in Qyax observed at exercise, is due to an increase in the peak LV
pressure. This might be due to a residual inotropic response of the LV and/or to an increased
venous return that would generate a higher systolic LV pressure according to the Frank-Star-
ling mechanism. Similar AQyax with +0.5 L/min occurred for BL, HR+ and EmaxR+ (*
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Fig 6. Hemodynamics at exercise from simulations. Total cardiac output and its repartition between the LV and LVAD are shown
together with mean aortic pressure and maximum left atrial pressure for each simulation at exercise. Abbreviations and overview of
simulations are shown in Table 1. (QRegurg: aortic valve regurgitant flow due to valve insufficiency; Qryvap equals Quean; dotted
line indicates levels for BL).

https://doi.org/10.1371/journal.pone.0229688.9006

further discussion on right heart function below). A AQyax increase of +0.4 L/min was
observed with exercise for the simulations EmaxL- and TPR+ and of +0.6 L/min for EmaxL

+ and TPR-. Reduced AQpax of 0.2 L/min occurred for Al Increased AQyax of +0.9 L/min
occurred for AS, due to the high systolic pressure gradient across the AV in presence of AS.

Qumine The LVAD parameter during diastole (Qn) is related to the systolic arterial pres-
sure as well as preload (filling ventricular pressure). During exercise, these two variables are
affected by the increase in cardiac output, peripheral vasodilation and increase in venous
return. In the majority of the simulations (BL, HR+, TPR+, EmaxR+ and AS) AQyy increased
(range +0.1 to 0.6 L/min) with exercise. This behavior results from a higher increase in preload
compared to afterload at timepoint of Qyy in the cardiac cycle (observable as t2 in Fig 3)

[33]. Furthermore the modulation of LV contractility produced the ranges in simulated
AQun responses with —1.0 L/min for EmaxL+ and +1.3 L/min for EmaxL-, mostly mediated
by the effect that an increased contractility has on the systolic arterial pressure.

Qp2p. Depending on the rate of change from rest to exercise in Qv and Qax the result-
ing AQp,p increases, decreases or might remain constant. A decrease in Qp,p resulted only in
the simulation EmaxL-, due to the high AQyn corresponding to the high preload levels.

QumEean. The parameter Qyran is calculated over the whole cardiac cycle and therefore an
indicator for overall hemodynamic changes rather than particular cardiovascular impairments.
Generally, due to the instantaneous increase in preload with dynamic exercises a sudden
increase of Qppan can be observed [4,32,34-36]. However Qypan can increase to a different
extent according to the residual ventricular contractility, LVAD speed setting as well as other
parameters. The simulation with an exceptionally high LV contractility showed even a minor
reduction of Qugan during exercise compared to rest.

The simulations EmaxR+ indicate that the LVAD response classification with exercise,
used in this study, might not be sensitive to stratify for differences in EmaxR. Indeed the clini-
cal observations also do not show clear differences in patients with different RV function.
However hemodynamic differences according to EmaxR could be noticed: For the exercise
simulation EmaxR- a reduction in left atrial pressure, aortic pressure, total cardiac output and
Quean occurred, compared to EmaxR+ (see Fig 6). These hemodynamic differences mainly
affect the diastolic part of the LVAD flow waveform (see Fig 5). (Additional information on
cardiac output for the simulations are published in Gross et al. [37]).

Clinical interpretation and relevance

Constant speed LVAD devices lack adequate adaption of pump output to exercise levels result-
ing in the hypoperfusion of patients during stress [3,34]. The observed differences in Qpran
responses from rest to exercise in patients and simulations underline that the support of the
device in sustaining cardiac output is different among patients and can be influenced by sev-
eral cardiovascular parameters [37]. Clinical observations in LVAD patients during exercise
with increased as well as decreased LVAD speeds have demonstrated effects on exercise hemo-
dynamics in patient subgroups, but not in the whole study cohorts [38,39]. The diverse charac-
teristics of LVAD patients’ responses during exercise necessitate patient stratification. For this
purpose, clinically validated beat-to-beat hemodynamic parameters can be helpful and easily
obtained from continuous LVAD monitoring such as used in this study [6,8]. For exercise
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studies comparing baseline LVAD speed to increased speeds we propose the following patient
stratification based on the baseline speed observations (A-D):

A. AV closed at peak exercise (Response type 1 with AV closed): Due to the inability of the LV
to increase total cardiac output, LVAD speed increase most probably will increase total car-
diac output and increase unloading, in case of a non-failing RV.

B. AV open at peak exercise (Response type 2): Patients may tolerate the highest LVAD speeds
at exercise due to the impairment of the LV and high pulmonary pressures. These patients
may benefit the most from LVAD speed increase during exercise in terms of total cardiac
output.

C. AV open at peak exercise (Response type 1 with AV open): This category will include the
most patients and benefits with speed increase will most probably result in outcomes simi-
lar to previous studies [23-27,36].

D. AV open at peak exercise (Response type 3): These patients may experience minor benefits
of a speed increase during exercise due to a remaining LV contractility and its ability to
increase total cardiac output. LVAD speed increase during exercise in this category could
result in the redistribution of cardiac output between the LVAD and what it is ejected
towards the aortic valve without the degree of increase of overall flow as it might be
observed in others [37].

Furthermore, the proposed stratification could be helpful for physiological LVAD speed
control algorithms to set the appropriate support mode to provide adequate support during
exercise. Up to now most LVAD speed control algorithms are studied in-silico, ex-vivo or in-
vivo in animals without heart failure. In-silico or ex-vivo studies could be carried out to repro-
duce the diverse responses found in patients in order to improve algorithms based on clinically
observed evidence. For this purpose, the individual responses are available in the online data
of this study (S1 Table). Characterizing the individual patient’s cardiac, peripheral and LVAD
response during exercise could have implications in diagnostics and clinical management of
LVAD patients and help to drive technological advancements of LVADs towards “smart
pumping”. The potential stratification proposed in this section could be the foundation for fur-
ther work, following clinical validation. This study comprises useful methods and reports pos-
sible mechanisms for the different responses helpful to design and carry out such clinical
validation. The intra-individual differences in responses observed in two patientns emphasize
the need for repeated tests performed, together with the proper clinical assessments for e.g.:
volume status, right and left ventricular function. Further work may include more parameters
for response stratification as shown in Table 3.

Limitations

For the patient analysis only 14 patients received the high-resolution LVAD data recorder and
performed maximum bicycle exercise tests. Cardiopulmonary exercise tests and bicycle stress-
echocardiography were combined, nevertheless due to the occurrences of all response types in
both bicycle exercise test modalities no systematic error was introduced. Furthermore, vari-
ables as cardiac output and invasive pressure measurements were not available during exercise
tests. Some of the occasionally measured non-invasive blood pressures were unreliable, due to
the low arterial pulse pressure with an LVAD, and therefore not analyzed in this study. Only
the HVAD pump was studied however we would not expect major differences at least for
other centrifugal pumps (Heartmate 3) Despite these limitations, this study allowed the obser-
vation of hemodynamic responses to exercise not yet reported in the literature, which were
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corroborated by extensive numerical simulations, in which variables as cardiac output or arte-
rial pressure behaved as reported in clinical observations.

In this study systematic simulations based on the average LVAD patient data from literature
were performed, and the effect of single parameter changes investigated. This is different in
real patients as multiple concomitant conditions might be present simultaneously. Neverthe-
less this approach can show that specific changes in parameter from the average patient (e.g.
lower LV contractility) might explain some of the peculiar exercise responses observed (e.g.
decrease in flow pulsatility). Worth to mention is that the simulation with a reduced (-20%)
right ventricular contractility labeled as EmaxR-, cannot be interpreted as or correlated to
hemodynamics resulting with a failing right ventricle.

Conclusion

Diverse responses in pump flow patterns were observed in LVAD patients performing bicycle
exercise stress tests reflecting differences in the underlying remaining cardiac condition as one
of the major determinants for the responses. In patients with poorer contractility exercise-
responsive LVAD control might bring additional benefits in terms of adequate support of the
failing left ventricle, the patient’s exercise capacity and resulting quality of life.

Supporting information

S1 Table. Hemodynamic LVAD responses for each exercise test. Patients’ LVAD parameters
at baseline and peak exercise and response type classification with constant LVAD speeds.
(XLS)
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