Downloaded from https://royal societypublishing.org/ on 14 May 2025

INTERFACE

royalsocietypublishing.org/journal/rsif

[@)er
Research Cheok for

Cite this article: Aghilinejad A, Bilgi C, Geng H,
Pahlevan NM. 2025 Aortic stretch and recoil create
wave-pumping effect: the second heart in the
systemic circulation. J. R. Soc. Interface 22:
20240887.
https://doi.org/10.1098/rsif.2024.0887

Received: 12 December 2024
Accepted: 20 January 2025

Subject Category:
Life Sciences—Engineering interface

Subject Areas:
biomechanics, biomedical engineering,
bioengineering

Keywords:
aorta, wave pumping, biofluid dynamics, pulsatile
flow, cardiovascular system

Author for correspondence:
Niema M. Pahlevan
e-mail: pahlevan@usc.edu

Electronic supplementary material is available
online at https://doi.org/10.6084/
m9.figshare.c.7662664.

THE ROYAL SOCIETY

PUBLISHING

Aortic stretch and recoil create wave-
pumping effect: the second heart in the
systemic circulation

Arian Aghilinejad"?, Coskun Bilgi*, Haojie Geng’ and Niema M. Pahlevan®’

"Division of Engineering and Applied Science, California Institute of Technology, Pasadena, CA, USA
2Department of Aerospace & Mechanical Engineering, and *Division of Cardiovascular Medicine, Department of
Medicine, University of Southern California, Los Angeles, CA, USA

) AA, 0000-0001-5231-427X; NMP, 0000-0001-7498-0396

Wave propagation in the heart tube is key to establishing an early pumping
mechanism, as explained by impedance pump theory in zebrafish. Though
initially proposed for embryonic blood circulation, the role of impedance-
like behaviour in the mature cardiovascular system remains unclear.
This study focuses on the understudied physiological mechanism of
longitudinal displacement in the adult aorta caused by the long-axis
motion of the heart. Using magnetic resonance imaging on 159 individuals,
we compared aortic displacement profiles between a control group and
those with heart failure, revealing a significant difference in aortic stretch
between the two groups. Building on this clinical evidence, we conducted
in vitro experiments to isolate the effects of longitudinal aortic wave
pumping by eliminating the pumping action of the heart. We identified
three biomechanical properties of stretch-related longitudinal wave
pumping that exhibit characteristics like impedance pump: (i) a nonlinear
flow—frequency relationship, (ii) bidirectional flow, and (iii) the potential
for both positive and negative flow at a fixed frequency, contingent upon
the aorta’s wave speed dictating the wave state. Our results demonstrate for
the first time that this mechanism generates a significant flow, potentially
providing a supplementary pumping mechanism for the heart.

1. Introduction

The adult human heart is a four-chambered, positive-displacement, piston-
type pump that sends blood into the compliant aorta in a pulsatile man-
ner. However, the pumping heart in the early embryonic stage is a simple
tube that operates based on the principles of wave dynamics [1-3]. In this
simple heart (pump), there are active cells that generate haemodynamic
waves by contracting the tube’s wall and passive cells that facilitate wave
propagation and reflections along the tube [4-6]. Using in vivo embryonic
zebrafish models, Forouhar et al. [5] demonstrated that, at this early embry-
onic stage, wave propagations and reflections are responsible for creating the
pumping effect in the heart tube, which circulates blood throughout the body.
The potential coexistence of these two pumping mechanisms following the
development of the four-chambered heart has long been neglected.

This wave-based pumping phenomenon, also known as an impedance
pump, is a simple valveless pumping mechanism [7-9]. In its simplest form, it
requires only a single wave actuator (e.g. pinching an elastic tube) and wave
reflection sites. These elements can generate a net bidirectional flow, averaged
over one periodic cycle, depending on the state of wave dynamics [8,10-16].
For instance, Jung & Peskin [17] have described the flow field and waves
travelling along a tube using an immersed boundary method, highlighting
a strong dependence of the net flow on the frequency of excitation. The
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existence of the wave-pumping mechanism after the formation of four-chambered heart was first suggested by Liebau [18]. n

A more recent in vitro study [19,20], conducted in physiologically accurate models of the human aorta, suggested that the
haemodynamic waves created by pulsatile flow entering the aorta can create favourable or unfavourable pumping effects,
depending on the state of the waves in the aorta. However, one important aspect that has not been investigated with regard
to the wave-pumping effect (similar to that of the embryonic heart) is related to the mechanical coupling between the left
ventricle (LV) of the heart and the aorta and their dynamics during the contracting and relaxation phases of the heart. This
study was designed to investigate whether aortic stretch (occurring during systolic contraction) and its subsequent relaxation
during the diastolic phase of the heart can create a pumping effect similar to that during the embryonic stage, thereby assisting
the four-chamber heart in circulating blood in the systemic vasculature.

Under normal physiological conditions, interactions between the LV and the aorta are optimized to guarantee the delivery of
cardiac output with modest pulsatile haemodynamic load on the heart [21-25]. Clinicians have recently begun to recognize the
significance of aortic stretch and recoil during the phases of heart contraction and relaxation [26]. However, this long-delayed
attention has been focused only on the contribution of aortic stretch and recoil to the LV diastolic filling [26,27], and the full
aspects of this dynamic mode have yet to be explored. Our hypothesis is that the stretched elastic aorta stores energy during
heart contraction, which is then released as waves when the aortic recoils during heart relaxation, creating a wave-based
pumping effect. This longitudinal pumping may provide a supplementary pumping mechanism to the heart that helps reduce
its workload and can have a significant impact on individuals who suffer from cardiac dysfunction such as heart failure [14,28].

To test our hypothesis, we first examined the longitudinal displacement (stretching and recoil) of the aortic root in a clinical
cohort of 159 individuals. Using magnetic resonance imaging (MRI), we extracted and compared the displacement profiles
of the aortic root between control group individuals and a group of heart failure patients. In the context of this study, it is
important to distinguish longitudinal displacement from cross-sectional distension. The former refers to the axial motion of
the aorta along its length, whereas the latter refers to radial expansion and contraction of a small portion of the aortic wall.
This study specifically focuses on the longitudinal displacement. Subsequently, recognizing the inherent difficulties in studying
the isolated effects of aortic wave pumping in clinical or pre-clinical settings, we employed a physiologically accurate in vitro
model of the human systemic circulation. This model allowed us to isolate the effects of longitudinal aortic wave pumping
by eliminating the contribution of the beating four-chamber heart. Consequently, all observed flow and pumping effects could
be attributed solely to aortic longitudinal wave dynamics, independent of cardiac pumping. We then fully characterized the
pumping behaviour of the aortic stretch and recoil as a function of wave characteristics.

2. Material and methods
2.1. (linical study data and analysis

A total of 159 volunteers ranging in age from 20 to 92 years old participated in our clinical study by undergoing cardiac
MRI. The characteristics of the clinical sample are presented in table 1. The protocol of this study was approved by the
Quorum Review Institutional Review Board and registered at clinicaltrials.gov (NCT02240979). Informed consent was obtained
from each participant prior to the MRI scans. In order to demonstrate the generalizability of the concept, we recruited a
heterogeneous cohort that includes heart failure with reduced ejection fraction. The non-heart failure subjects enrolled in the
study through online advertisements or flyers distributed at local institutions. All MRI images were acquired with a clinical
1.5 Tesla General Electric scanner (Signa HDx v. 16) using a four-element phased array (posterior and anterior) body coil and
a four-lead electrocardiogram. The volunteers were scanned with an MRI protocol that consists of a localizer, followed by Fast
Imaging Employing Steady State Acquisition (FIESTA) in the sagittal, long axis, short axis and radial planes. All scans were
performed without any contrast agent by breath holding at the expiration. The FIESTA sequences were performed with the scan
parameters of echo time of 1 ms; repetition time of 3 ms; flip angle of 60°; acquisition matrix of 512 x 512; voxel resolution of
0.78 x 0.78 mm? slice thickness of 8 mm to generate the cine images of the volunteers’ hearts at the two, three and four-chamber
views at 20 frames per cardiac cycle. The longitudinal displacement of the volunteer’s aorta was measured using the two,
three and four-chamber view images. The Digital Imaging and Communications in Medicine (DICOM) images were opened
using the open-source Segment Research software v. 4.0 R11044c (http://segment.heiberg.se) [29]. The longitudinal motion of the
aorta was quantified using the basal-apical atrioventricular plane displacement (AVPD) of the LV. The AVPD was measured by
manually placing six time-resolved points at the LV base (two points for each long-axis view) at the end-diastole time frame.
These points are tracked to obtain the LV longitudinal displacement throughout the cardiac cycle by the AVPD algorithm
of Segment software [30]. In our analysis, we assume that the longitudinal motion at the top of the aortic arch (junction to
the common carotid arteries) is minimal, and the LV apex is fixed, as shown in previous clinical studies [21,26]. Under these
conditions, the longitudinal shortening of the LV base during systole (e.g. AVPD) can be considered as the aorta’s stretching
amount due to their mechanical and inseparable connection at the aortic root.

2.2. In vitro set-up and components

The experimental set-up consists of a hydraulic circuit, a longitudinal stretching mechanism and an artificial human aorta.
The hydraulic circuit provides a closed-loop flow circuit between the aortic phantom and the reservoir (figure 1A). In this
system, the aortic phantom is installed into the system by placing luer lock-enabled barbed connectors to its major branches
and connecting them with soft Tygon tubes that can be fitted to the ports on the side walls of this container. The aortic
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Table 1. Baseline characteristics of clinical data (N = 159).

participants, n sex, W/M age, years height, cm weight, kg body mass index, kg m™
control group 124 53/ 52+19 172+£10 76 £ 16 26+4
heart failure group 35 7/28 57+16 171+10 81+21 28+7

root is directly connected to the longitudinal stretching mechanism, and it is connected to the reservoir tank with a Tygon
tube to complete the closed-loop circulation. Then, four resistance clamps are placed downstream of the arteries to mimic
the resistances of eliminated vasculature and generate physiologically accurate flow conditions [19,20,31-34]. Natural latex
and silicone-based aortas are fabricated using dip-coating and brush-coating methods, respectively (illustrated in electronic
supplementary material, figure S1). Latex aortas involve dipping a mould in liquid latex, curing each layer at room temperature
(25°C) for 2 h, and repeating the process as needed to achieve the desired compliance. Silicone aortas are fabricated by mixing
silicone rubber (RTV-3040; Freeman Manufacturing) with a 10:1 base-to-catalyst ratio, degassing the mixture in a vacuum
chamber, brushing it onto a silicone sheet, curing for 16 h at 25°C and repeating as necessary. Both of these materials conform
with the mechanical properties of the human aorta to fabricate physiologically accurate vascular phantoms [20,31,32]. These
artificial aortas are fabricated using an anatomically accurate one-to-one human-scale stainless steel mould that contains major
arterial branches and aortic tapering, and all six phantoms are fabricated using the same mould (electronic supplementary
material, figure S2). The characteristics of the fabricated phantom models are presented in table 2. The chosen compliance range
is based on previous cardiovascular studies [35-37]. These values fall within the general reported range for human aorta and are
not specific to the clinical sample in this study.

The aortic phantom model is connected to the longitudinal stretching mechanism from its aortic root and the carotid arteries.
The latter is placed in a fixture that constrains the movement of the aortic arch, the same as real human physiology [27].
The aortic root is connected to the stretching apparatus, which can move horizontally to generate longitudinal waves in the
phantom. The actuation frequency is regulated by the software of the motor controller, whereas the maximum cam radius
determines the aortic stretching amount. These cams are designed with a spiral shape that brings the stretcher to the maximum
radius and holds it for 1/3 of the working period for the active stretching phase. Then, the cam releases the stretching apparatus
to its initial position to create the recoil effect. Figure 1B presents three sample AVPD profiles: a 41-year-old healthy individual
(green curve), a 65-year-old healthy individual (blue curve) and a heart failure patient (red curve). These cases highlight that
age or disease conditions do not alter the overall displacement time profiles. The cam design is motivated by the motion of the
aortic root during the systolic and diastolic phases, replicating the aorta’s longitudinal motion by stretching it at its root (e.g.
AVPD). This in vitro set-up isolates the effects of longitudinal wave pumping in the aorta, independent of ventricle-provided
ejections. The longitudinal stretch is applied to the aortic root as a controlled input using a cam-follower mechanism of varying
sizes (illustrated in figure 1B), imposing a predefined stretch that initiates wave propagation and generates net flow, with flow
and pressure measured as the output quantities.

A high-fidelity piezoelectric pressure catheter (Mikro-Cath, Millar Inc., Houston, TX) is inserted into the Tygon tube that
connects the longitudinal stretching mechanism to the reservoir. A clamp-on ultrasonic flowmeter (ME-16PXN; Transonic
Systems Inc.) is placed adjacent to the pressure sensor to avoid interference, as the ultrasonic waves from the flowmeter can
generate noise that may affect the pressure sensor readings. These two sensors are connected to a PowerLab data acquisition
device (ADInstruments, Colorado Springs, CO), and their data are sampled at 1 kHz frequency by LabChart Pro 7 software.
For flowmeter calibration prior to experiment, a range of flow rate values (5400 ml min™) in both forward and backwards
directions is introduced by a syringe pump (PHD Ultra, Harvard Apparatus, MA), and the voltage values of the flowmeter are
collected. This procedure allows us to create a linear regression line for the measured voltage values against the known flow
rates and obtain the calibration coefficients for this tube. The pressure catheter is calibrated to approximately 0 mmHg at the
atmospheric pressure at the tube’s elevation before it is inserted into the data collection position.

2.3. Experimental procedure

The hydraulic circuit is filled with water, and the visible air bubbles are removed from the system. As the first step of each
experiment, the data for the pulse wave velocity (PWV) analysis are collected for the phantoms. For this procedure, one
pressure catheter is placed between the coronary arteries, and a second catheter is inserted into the abdominal aorta from one
of the renal arteries. Consecutively, the distance between the sensor locations of these catheters is measured to compute PWV
[38]. The procedure for the aortic compliance (AC) measurements can be summarized in the following steps: (i) the branches of
the aortic phantoms are connected to barbed-ended connectors with luer locks (Qosina, Long Island, NY); (ii) one-way stopcock
valves are attached to the luer ports; (iii) the aortic root is sealed with a connector and a plastic stopper; (iv) the phantom
is filled with water, and all the air bubbles are removed through the valves; (v) a pressure catheter is inserted to the aortic
phantom, and the excess water is drained until the catheter reports the atmospheric pressure (approx. 0 mm Hg); (vi) a known
amount of water (AV) is injected from one of the valves; (vii) the pressure value is recorded after the catheter reports a steady
value; (viii) the water injection and recording of pressure steps (vi and vii) are repeated until the phantom pressure reaches 150
mm Hg; (ix) the AC can be computed by the following formulation: AC = %; and (x) the reported AC values represent the
mean compliance corresponding to the level of pressure change during the experimental procedure.
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Figure 1. (A) The in vitro hydraulic circuit to conduct the experiments. The pressure and flow measurements are collected at the location of the sensors. (B) Time profile
of the aortic root displacement for three cases: healthy individual of 41 years old, healthy individual of 65 years old and heart failure patient who was 43 years old.
Design of the cam in the cam-follower mechanism for modelling the longitudinal stretch of the aorta is also shown in this figure.

Table 2. Properties of the fabricated artificial aortic phantom model (N = 6).

artificial aortas wave speed, c(ms™") aortic compliance (ml mm Hg™") char. impedance (MPa s m=) material

phantom model 1 7.2 1.5 10.1 latex
phantommodelz .................. e e R
phantommo e e e T R
phantommodel4227 ............................................ L G R
phantommo T e e e i
phantommo P g J—— S T

After the PWV and compliance data are collected, the stepper motor starts to actuate the stretching mechanism at 0.5 Hz
until the system reaches the oscillatory steady state (10 cycles). Following this, the operating speed of the stretcher is increased
by 0.5 Hz, and the system is brought to a steady oscillatory state (by waiting for 10 cycles). The previous step is repeated until
the stretching mechanism is at 2.5 Hz. After the frequency range (0.5-2.5 Hz) is covered, the cam is changed to test the effect
of the stretching amplitude (i.e. the cam radius), and the data collection is started at 0.5 Hz by repeating the same procedure.
For the flow visualization studies, a dye solution is prepared by diluting a food colouring with tap water with a volume ratio
of 1:50. A small amount of this dye solution (approx. 5-10 ml) is injected into the aortic root of a silicone phantom from the
coronary arteries. Silicone was used for transparent aortas to facilitate optical flow visualization, while latex provided better
control over compliance and PWV due to its dip-coating fabrication method. Using both materials also allowed the study to
assess the impact of different phantom material properties, demonstrating the generalizability of the findings.

2.4. Wave intensity analysis

Wave intensity (WI) is a well-established clinical metric to quantify energy transmission through arterial waves [39,40]. WI is
defined as the power per unit cross-sectional area A, of an artery due to blood pressure P = P(t) and average cross-sectional
blood flow velocity U = U(t) [41]. Mathematically speaking, WI is computed as the product of the change in pressure (dP)
times the change in velocity (dU) during a small interval, given by dI=dP.dU. To remove the dependency of the dI to the
sampling time, the derivatives of pressure and velocity are divided by the time interval (denoted as % and ‘3—?, respectively),
hence the WI in the units of power per unit area per unit time [42]. WI patterns determine both the direction and intensity
of arterial wave propagation at any time instance during one working cycle. For example, a dI > 0 at a fixed time during the
cycle indicates that forward waves are dominant at that moment. Conversely, if dI < 0, backwards waves are dominant. Based
on the WI analysis and the derivative of the measured pressure, driving forces can be divided into four types based on their
characteristics; forward-running compression waves where dI > 0 and dP/dt > 0; forward-running expansion waves where dI >
0 and dP/dt < 0; backwards-running compression waves where dI < 0 and dP/dt > 0; and backwards-running expansion waves
where dI <0 and dP/dt <0.

19801207 22 ey 205y 7 ysyyeumnolbiobunsyandiaposteos [



Downloaded from https://royal societypublishing.org/ on 14 May 2025

2.5. Statistical analysis

The Shapiro-Wilk test for normality has been conducted in order to check the normality of the distributions of the individuals
in the control and heart failure populations. Statistical significance was defined as p < 0.001. We performed a Student’s t-test
with equal variances and a two-tailed distribution to compute the statistical difference between these two populations. All
statistical analysis of the clinical data was performed using Matlab (MathWorks, 2022).

3. Results

3.1. Clinical relevancy of the aortic longitudinal motion

To clinically assess aortic wave pumping, we used cardiac MRI to quantify longitudinal aortic motion in 159 individuals (age
53 + 18 years, 38% women). Figure 2A illustrates magnetic resonance images of the aorta in both relaxed and stretched states
for a control individual and a heart failure patient. At end-diastole, the heart muscle relaxes, and the aorta is in its unstretched
length. As systole begins, due to minimal displacement of the aortic arch during systole, movement of the aortic annulus
towards the apex induces longitudinal stretch of the elastic elements of the ascending aorta. At end-systole, the LV exerts
maximal downward force on the aortic root, achieving maximal longitudinal stretch. In early diastole, relaxation of the LV
allows the pre-loaded elastic elements in the walls of the aortic root to recoil. This recoil is passive and results from the elasticity
in the aortic wall. The clinical sample (35 heart failure patients and 124 control individuals) displayed a normal distribution
of longitudinal stretch (5-20 mm; electronic supplementary material, figure S3). The longitudinal aortic root displacement
time profile is also provided in figure 1B for three cases: a 41-year-old healthy individual (green curve), a 65-year-old healthy
individual (blue curve) and a heart failure patient (red curve). Results in figure 2B show that healthy individuals exhibit
significantly higher maximal displacement than heart failure patients (t-test, p < 0.001), indicating impaired aortic stretch and
recoil as an assistive pumping mechanism in heart failure.

3.2. Invitro flow experimentation

Figure 3 depicts the flow direction inside the mounted aortic phantom model (model 5) with a PWV of 10 m s™ at two
different frequencies: 1 Hz, leading to reverse pumping (negative flow measured by the flowmeter), and 1.5 Hz, leading
to forward pumping (positive flow measured by the flowmeter). Electronic supplementary material includes two sample
videos corresponding to these two cases (electronic supplementary material, videos S1 and S2). These videos feature the same
phantom, with alterations in stretching frequency revealing both positive and negative directions in the net-generated flow. The
time-aortic displacement profile and the range of maximal displacements inspired a mechanism comprising a cam-follower
design mounted on a stepper motor to actuate the aorta in the hydraulic simulator. Figure 3 also presents sample pressure
and flow time profiles generated solely by aortic longitudinal stretch and recoil. The results demonstrate that net flow can be
generated in both directions depending on the stretching frequency, with longitudinal wave pumping. For the same aorta, at
certain frequencies, the net-generated flow is positive due to forward wave pumping, while at other frequencies, it is negative
due to reverse wave pumping. Samples of similar flow waveforms and their corresponding time derivatives for measured
pressure and flow waveforms for another phantom model are presented in the electronic supplementary material, figure 54, at
stretching frequencies of 0.5, 1.0, 1.25, 1.5 and 2.0 Hz.

3.3. Effect of frequency on the aortic longitudinal wave pumping

Figure 4 presents the mean generated flow, Q, (averaged over one period T) in relation to the stretching frequency for varying
aortic stiffness, as quantified by PWV. In figure 4A, the results illustrate the outcomes for two sample aortas characterized by
smaller values of wave speed (phantom models 1, 5), while figure 3B demonstrates the results for aortas with larger wave speed
(phantom models 3, 4). The generated flow undergoes significant, nonlinear changes as the frequency increases. This transition
between modes arises from alterations in the wave state, a consequence of wave propagation and reflection. The findings
indicate that the net flow can be generated in both directions depending on the stretching frequency, exhibiting longitudinal
wave pumping. For a given aorta, at certain frequencies, the net-generated flow is positive due to forward wave pumping, while
at other frequencies, it is negative due to reverse wave pumping. The pronounced dependency of the generated flow profile on
the applied frequency is attributed to the superposition of propagating waves resulting from longitudinal stretch and reflected
waves at bifurcations. Results in these figures additionally highlight a shift from forward to reverse pumping modes and vice
versa, depending on the wave speed within the aorta.

3.4, Effect of aortic stiffness on longitudinal wave pumping

Figure 5A,B demonstrates the mean generated flow, Q, in relation to the wave speed within the aorta for various stretching
frequencies. Experiments are run for six different levels of wave speeds, starting from 7.2 m s™ up to 22.7 m s™. In figure
5A, the results illustrate the outcomes for the aortas characterized by smaller values of frequencies (slower excitation), while
figure 5B demonstrates the results for aortas stretched at larger frequencies (faster excitation). Wave speed of 12 m s™ is
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Figure 2. Clinical motivation and relevancy of investigating aortic wave pumping due to the longitudinal stretch. (A) Two pairs of magnetic resonance images captured
at the end-diastole (when the aortic elements are relaxed) and the end-systole (where the maximal downward force is applied to the aortic elements, and they
are positioned at their maximal stretch) for a control individual (top row) and a heart failure patient (bottom row). (B) The difference in the longitudinal aortic root
displacement between control population and heart failure patients. p values suggest significant statistical differences.

chosen as a threshold for the low wave speed region (elastic) and high wave speed region (stiff) aortas. Results suggest that
changing the wall characteristics strongly affects the net flow generation in longitudinal impedance pumps. Figure 5C depicts
a three-dimensional interpolation mapping of the mean generated flow, Q, with respect to the aortic stiffness (as measured by
wave speed) and the stretching frequency. The residuals between the measured and model-derived values from the polynomial
fit (order 3) as a function of the stretching frequency and the wave speed inside the aortic phantom models are presented
in electronic supplementary material, figure S5. Electronic supplementary material, table S1 shows the coefficients and their
corresponding confidence interval of the model.

3.5. Effect of stretching amplitude on longitudinal wave pumping

Figure 6A,B presents the mean generated flow, Q, as a function of frequency for different values of the longitudinal stretch,
lmax, at two levels of aortic pulse wave speed of 10.3 and 22.7 m s™, respectively. For each aorta, different stretching values are
modelled by installing cams at different sizes. The applied stretching amplitude range is adopted based on our observations
in the clinical sample, reported in electronic supplementary material, figure S3. Figure 6C,D demonstrates Q as a function of
stretching amplitude for each one of the aortic phantom models. Results demonstrate a nonlinear trend towards increased Q as
the stretching amplitude increases.

4. Discussion

In this study, we used a physiologically accurate in vitro experimental set-up and clinical cardiac MRI data to investigate a
previously unnoticed wave-based mechanism in the aorta and its consequent wave-pumping effect. This aortic wave dynamics
is associated with aortic stretch and recoil, caused by the LV’s long-axis shortening during its contraction and the inseparable
mechanical coupling with the aortic root. Our clinical results demonstrated a significant distinction in aortic longitudinal
displacement amplitude between the control group and the heart failure group. Drawing inspiration from these clinical
findings, we identified three dynamical properties of this stretch-related longitudinal aortic wave pumping that are similar to
those of the conventional impedance pumps: (i) a nonlinear, frequency-dependent net mean flow (averaged over the cycle); (ii)
bidirectionally of the net mean flow; and (iii) dependence of both the direction and magnitude of the net mean flow on the wave
speed (aortic stiffness) at a given frequency (heart rate).

4.1. Clinical evidence

The presence of longitudinal stretch in the ascending aorta is well-established by prior clinical observations [22,26,27]. Aortic
stretch demands considerable force, with the resulting displacement representing stored energy in the elastic components of the
ascending aorta. In the early phase of diastole, this stored energy from aortic stretch initiates aortic recoil, exerting an upward
pull on the heart’s base [22]. Given that the heart’s apex is fixed by pericardial attachments [22,26,27], aortic recoil facilitates the
lengthening of the LV in early diastole, aiding in prompt filling [26]. Overall, these previous clinical studies have demonstrated
that longitudinal (axial) displacement of the aorta stores energy in spring-like elements, enhancing early diastolic recoil and
contributing to the heart’s diastolic filling [27,43].
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Figure 3. In vitro flow modelling and sample measurements of the aortic longitudinal wave pumping. Figures on the top panel demonstrate the generated flow
direction due to the aortic stretch and recoil, excited at the frequency of 1.0 Hz at various snapshots in time that leads to reverse pumping. The installed silicone aorta
is the phantom model 5. The figures on the bottom panel present the flow direction for the same aorta excited at the frequency of 1.5 Hz, leading to the forward
pumping. The installed silicone aorta is the phantom model 5. Sample pressure and flow time profiles are also demonstrated at both frequencies.

Despite these breakthrough findings, the impact of aortic longitudinal stretch and recoil on wave generation and pumping
remains unexplored. Challenges in studying isolated aortic wave dynamics in in vivo and pre-clinical settings have hindered
investigations into this matter. In this study, we evaluated aortic longitudinal stretching in 159 individuals using cardiac
MR, including 35 heart failure patients. The longitudinal displacement of the aortic root for each individual was measured
as described in previous clinical studies [26,27]. Longitudinal displacement amplitude in control group and heart failure
individuals was first investigated using the Shapiro-Wilk test for normality (p = 0.239 for control and p = 0.838 for heart failure).
Subsequently, a Student’s t-test revealed a significant difference between control and heart failure groups. This clinical evidence
indicates that heart failure patients exhibit impaired mechanical coupling between the heart and the aorta, adversely affecting
the longitudinal stretching of the aorta and subsequently diminishing the assistive aortic wave-pumping.
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Figure 4. Mean flow—frequency relationship due to the aortic longitudinal stretch and recoil. (A) Measured mean flow rates of the aortic wave pumping against the
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Figure 5. The effect of aortic stiffness, quantified by wave speed, and frequency on mean generated flow due to aortic longitudinal wave pumping. (A) Measured
mean flow rates of the aortic wave pumping against the wave speed inside the aorta for low levels of frequency. The elastic and rigid regions are categorized based on
the wave speed value. (B) Measured mean flow rates of the aortic wave pumping against the wave speed inside the aorta for high levels of frequency. (C) Interpolation
mapping of the mean generated flow, Q, with respect to the aortic stiffness and the stretching frequency. The trend shows nonlinearity in terms of both stiffness and
frequency (independent variables).
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Figure 6. The effect of stretching amplitude on mean flow—frequency pattern due to aortic longitudinal wave pumping. Measured mean flow rates due to the aortic
wave pumping against the excitation frequency for different levels of stretching amplitude of 0.5, 1.0, 1.5 and 2.0 cm for two phantom models with aortic wave speeds
of (A) 10.3 and (B) 22.7 m s™". For both phantom models, the flow-stretching relation follows a parabolic-like curve as demonstrated for sample case of frequency 2 Hz
in (C) and (D) for wave speeds of 10.3 and 22.7 m s, respectively.

4.2. Physical modelling

Our results also show that longitudinal aortic wave pumping, driven by the stretch and recoil of the ascending aorta, can exhibit
both positive (forward pumping) and negative (reverse pumping) flow generation, contingent on the stretching frequency
(figures 3 and 4). Electronic supplementary material features dye studies for two sample videos of the same artificial aorta
(electronic supplementary material, videos S1 and S2), demonstrating that both positive (forward) and negative (retrograde)
net mean flow rates can be achieved in the same aortic phantom at two different frequencies (heart rates). While longitudinal
wave pumping and conventional impedance pumping differ in their wave-generating systems, both mechanisms fundamentally
rely on the principles of wave propagations and reflections [18,44,45]. Both the direction and magnitude of net flow vary with
wall stiffness, demonstrating that alterations in wave speed affect wave travel time (figure 5) and, subsequently, interactions
between propagated and reflected waves. In the context of longitudinal aortic pump flow generation, the net effect arises from
stretching suction and compression waves, as has been recently shown by Aghilinejad et al. [14]. By modifying the stretching
frequency and fixing the travel time (constant length and wave speed), coordination between the propagated and reflected
waves can be achieved, sustaining net unidirectional flow. Our experimental results from figures 4 and 5 confirm this nonlinear
pattern and demonstrate the strong dependency of the net-generated flow on the wave state. Our results suggest that at
specific stretching frequencies (e.g. 1 Hz), varying stiffness can induce net flow in opposite directions. Furthermore, the findings
in figure 5 indicate that the influence of frequency on the flow is more prominent in elastic models at lower frequencies.
Conversely, this dependence is heightened in stiffer aortas (resembling those found in the elderly or individuals with diabetes)
at higher frequencies. This relationship has physiological implications: in young and healthy aortas, characterized by elasticity,
an increase in heart rate has a limited impact on flow generation compared with its effect on older and stiffer patients. It is
noteworthy that an elevated heart rate does not automatically improve longitudinal aortic wave pumping. Instead, both heart
rate and aortic stiffness must be considered together to effectively assess longitudinal aortic wave pumping, as demonstrated in
figure 5.

Figure 6 illustrates the impact of stretching amplitude on the net mean flow generated by the aortic stretch and recoil
mechanism. Specifically, at a frequency of 2 Hz, augmenting the stretching amplitude from 1 to 1.5 cm leads to a significant
increase in net mean flow. For the aorta with a PWV of 10.3 m s, this results in a shift from no flow to 0.4 1 min™". Similarly,
in the aorta with a pulse wave speed of 22.7 m s™, the pumping effect increases from nearly no flow to 0.5 I min™. This
nonlinear relationship has important clinical implications, particularly given that the longitudinal stretch of the ascending
aorta may substantially decrease in heart failure patients (figure 2). Our findings suggest a nonlinear parabolic relation for
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Figure 7. Wl and time derivative of the pressure waveform patterns at different wave states. Figure demonstrates the patterns at the stretching frequency of 1 Hz for
the left panel and 2 Hz for the right panel in all the phantom models with different wave speeds.

the flow-stretching curves that can be observed in figure 6. Notably, it has been shown previously that the energy carried by
the wave is proportional to the square of the wave amplitude [19,46]. These results suggest that for maximizing the energy
harvesting for the flow pumping from the aortic stretch and recoil mechanism, at a fixed frequency (heart rate), the stretching
amplitude can enhance the generated net mean flow. It should be noted that while capped coronary arteries may affect flow
magnitude from aortic longitudinal wave pumping, the study’s key findings —frequency dependence and nonlinear behaviour
of aortic wave pumping —remain robust, driven by intrinsic wave dynamics.

4.2.1. Driving mechanism in aortic wave pumping

We conducted WI analysis to better understand the wave dynamics mechanisms—a well-established method for quantifying
energy within arterial waves and the net impact of forward and backwards waves [39,47,48]. Electronic supplementary material,
figure S4, visually illustrates WI patterns derived from pressure and flow measurements for a phantom stretched at different
frequencies. WI patterns demonstrate that one dominant positive peak, which represents a forward-running travelling wave, is
created due to the active stretching of the aortic root. This pattern is then followed by a sharp negative peak, which presents
the effect of the reflected waves due to the presence of the branches, tapering and bifurcations in the aorta. These two dominant
peaks are then followed by smaller positive and negative peaks that are created during the recoil of the aorta exhibiting the
characteristics of a mass-spring system reacting to an initial force with an overshoot and subsequent oscillations.

Figure 7 displays the WI patterns for aortic phantom models with varying PWV at two distinct sample frequencies. At a
frequency of 1 Hz, where some aortas exhibit forward pumping and others reverse pumping, and at 2 Hz, where forward
pumping prevails across all aortas, the results suggest intriguing insights. For forward pumping at 2 Hz, the WI pattern begins
with forward-running waves (dI > 0). These expansion waves, resulting from aortic root stretching, propagate forward through
the compliant aorta and encounter impedance mismatch at bifurcations with small arteries, leading to backwards-running
compression waves. The subsequent re-reflections in the vasculature determine the evolving WI pattern. Although the initial
peaks are similar between different aortas, over time, the interaction of forward and reflected waves is influenced by wave
speed, causing pattern variations. At 1 Hz, the longer periodic cycle accentuates wave trapping, manifesting as low-amplitude
oscillations in the W1 pattern. Notably, for the aorta with a pulse wave speed of 15.5 m s™', the WI pattern differs, aligning with
flow measurements indicating a reverse pumping mode with net negative flow at 1 Hz (figure 5). The diminished amplitude
of the initial peaks suggests that at 1 Hz, the wave state characteristics fail to generate a strong forward-running expansion
wave, with the flow direction dominated by backwards-running compression waves, resulting in net negative flow. Consistent
with published results in a simple straight tube with a single reflection site [14], our experimental results in this study
identify two modes in the longitudinal impedance pump: reverse pumping and forward pumping. Aortic stretching induces
a forward-running expansion wave, while during recoil, flow generation is primarily determined by compression reflected
waves. The geometrical features of the aorta, such as the length of the ascending aorta, significantly influence aortic pumping by
affecting wave dynamics. Variations in these features can alter wave propagation and reflection, impacting the superposition of
forward and reflected waves.

4.3, Limitations and future work

This study focuses on gaining a fundamental understanding of aortic longitudinal wave pumping through in vitro experi-
ments using generic phantom models. Future research should aim to explore patient-specific aspects of this phenomenon
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by incorporating patients’ measurements and imaging data into experimental designs. Additionally, future studies could
investigate the influence of the aortic valve, including valve abnormalities, on wave-pumping dynamics. In this study, water
was used as the working fluid, which differs from blood in terms of viscosity and rheological properties. Future work could
address this limitation by examining the impact of viscosity and blood-like fluid properties on aortic pumping behaviour.
The clinical observations highlight significant trends and suggest an impairment of the longitudinal stretching mechanism in
the heart failure group. These findings warrant further comparison with clinical parameters and rigorous statistical analysis.
While beyond the scope of this experimental study, such investigations represent a promising direction for future research.
Lastly, this study does not account for the heterogeneous and anisotropic structure of the aortic wall, which can influence wave
propagation and reflection dynamics. Additionally, variations in compliance along different sections of the aorta, from the root
to the descending thoracic region [49], may impact wave speed, the timing of reflected waves and the resulting superposition of
forwards- and backwards-running waves. These factors can alter the motion transfer to the fluid and affect net flow generation.
However, the core findings of this study—specifically, the frequency dependence and nonlinear behaviour of aortic wave
pumping —remain robust as they are intrinsic to the wave dynamics. Future work should consider incorporating spatially
varying material properties and wall anisotropy to further refine the understanding of aortic wave-pumping mechanisms.

5. Conclusion

In conclusion, our findings indicate that aortic stretch and recoil create a pumping effect in the systemic circulation, similar to
that of the conventional impedance pump. The cohort imaging data were used to establish the clinical significance of aortic
root’s longitudinal motion, while the in vitro experiments provided a detailed physical understanding of the phenomenon.
Together, these approaches complement each other, linking clinical relevance with fundamental mechanics. This pumping
can generate a bimodal net flow, forward pumping mode and reverse pumping mode, depending on the state of the wave
dynamics. Taking advantage of this mechanism can be of particular interest in cardiovascular diseases such as heart failure,
where the pumping ability of the heart is impaired.
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