JACC: BASIC TO TRANSLATIONAL SCIENCE
© 2023 THE AUTHORS. PUBLISHED BY ELSEVIER ON BEHALF OF THE AMERICAN

COLLEGE OF CARDIOLOGY FOUNDATION. THIS IS AN OPEN ACCESS ARTICLE UNDER
THE CC BY-NC-ND LICENSE (http://creativecommons.org/licenses/by-nc-nd/4.0/).

VOL. 8, NO. 5, 2023

ORIGINAL RESEARCH - NOVEL TRANSLATIONAL METHODS

Continuous Monitoring of Blood Pressure W
and Vascular Hemodynamic Properties i
With Miniature Extravascular Hall-Based

Magnetic Sensor

Konstantinos Magkoutas, MSc,* Miriam Weisskopf, DVM,? Volkmar Falk, MD,>%¢
Maximilian Y. Emmert, MD, PuD,>%f Mirko Meboldt, PuD,* Nikola Cesarovic, DVM, PuD,>%*

Marianne Schmid Daners, PuD**

VIS ABSTRACT

Hall-based sensor . )
ascending
M\/r working
principle

arterial
pressure

In-vitro validation

Artificial
artery set up

high pressure  high heartrate  low pressure \

time
1CC>0.99 correlation mean absolute

\ with reference error <3 mmHg _J

In-vivo validation 9 sensors used O Physiologic )

for technical and conditions &
Porcine model procedural pharmacologic
n=24 sensors development 7 stimulation

Emulation of

15 sensors the implanted
fully analyzed LVAD
conditions by
= CPB )
2 A
2 < |[— Ref. Pressure
g oc > [|— Hall Pressure lCC>O'?5
[ 2.9 = correlation
= 85 = with reference
TS c
= EE )
= -
3 55 k] M mean absolute
E-R} =]
= o £ error <5 mmHg
time time w time W,

Magkoutas K, et al. J Am Coll Cardiol Basic Trans Science. 2023;8(5):546-564.

ISSN 2452-302X

HIGHLIGHTS

o The proposed extravascular hall-based
magnetic sensor eliminates the elastic
interconnection between the sensing
components, avoiding vascular restriction
and unwanted sensor-drift phenomena
due to material fatigue, while its extra-
vascular nature diminishes the risk of
thrombosis.

¢ The sensing device has been validated
in vivo, in a porcine model under
physiologic and pathologic conditions,
including cardiopulmonary support.

o The sensing device demonstrated
unaffected performance after
sterilization, immersion in liquid, and
temperature changes, while it was able to
accurately capture the ABP, with the MAE
compared with reference being below
5 mm Hg, even for heart failure
conditions, simulated with low blood

pulsatility and cardiopulmonary support.

o The proposed device may serve as a novel

tool for continuous blood pressure
monitoring.
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SUMMARY

Continuous measurement of vascular and hemodynamic parameters could improve monitoring of disease
progression and enable timely clinical decision making and therapy surveillance in patients suffering from
cardiovascular diseases. However, no reliable extravascular implantable sensor technology is currently avail-
able. Here, we report the design, characterization, and validation of an extravascular, magnetic flux sensing
device capable of capturing the waveforms of the arterial wall diameter, arterial circumferential strain, and
arterial pressure without restricting the arterial wall. The implantable sensing device, comprising a magnet and
a magnetic flux sensing assembly, both encapsulated in biocompatible structures, has shown to be robust, with
temperature and cyclic-loading stability. Continuous and accurate monitoring of arterial blood pressure and
vascular properties was demonstrated with the proposed sensor in vitro with a silicone artery model and
validated in vivo in a porcine model mimicking physiologic and pathologic hemodynamic conditions. The
captured waveforms were further used to deduce the respiration frequency, the duration of the cardiac systolic
phase, and the pulse wave velocity. The findings of this study not only suggest that the proposed sensing
technology is a promising platform for accurate monitoring of arterial blood pressure and vascular properties,
but also highlight the necessary changes in the technology and the implantation procedure to allow the
translation of the sensing device in the clinical setting. (J Am Coll Cardiol Basic Trans Science 2023;8:546-564)
© 2023 The Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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ABBREVIATIONS
AND ACRONYMS

ABP = arterial blood pressure

ACS = arterial circumferential
strain

AD = arterial wall diameter
CPB = cardiopulmonary bypass
CVD = cardiovascular disease
EDP = end-diastolic pressure

HBSD = hall-based sensing
device

ICC = intraclass correlation
coefficient

MAE = mean absolute error
MAP = mean arterial pressure
PWYV = pulse wave velocity

SP = systolic pressure

ardiovascular diseases (CVDs) affect a large

proportion of the Western population and

constitute the dominant cause of mortality,
accounting for more than 17 million deaths worldwide
on a yearly basis.! In this context, continuous, long-
term monitoring of arterial blood pressure (ABP) and
properties that reflect changes in the vascular system
can provide useful information on disease progres-
sion and enable surveillance of patient compliance
and assessment of treatment efficacy.”*

Over the last years, the advent and rapid evolution
of stretchable electronics enabled the development of
devices that accurately monitor vascular biomechan-
ical properties.”® These properties include pulse
wave velocity as well as arterial compliance, disten-
sibility, strain, stress, stiffness, and elasticity.”™
However, the most valuable and most easily derived
variable that reflects the changes in the overall car-
diovascular system is the ABP.>'”> The waveform of
the ABP is affected by left ventricular stroke volume,

the biomechanical properties of the aorta, as well
as the compliance and resistance of the entire
vascular system. Hence, various underlying CVDs
alter the ABP waveform (Figures 1A and 1B), the
analysis of which provides remarkable insights into
the dynamic cardiovascular status.'?

The gold standard method for monitoring ABP is
through invasive arterial catheterization, typically
using the radial or femoral artery.'* Although this
method enables accurate acquisition of the entire ABP
waveform, it cannot be applied long term or in an
ambulatory setting. Invasive ABP measurement limits
mobilization, bears a risk of vascular thrombosis with
downstream occlusion, and is associated with in-
fections and bleeding complications at the access
site.’® To overcome these limitations, new invasive
approaches have been investigated that exploit the
arterial distension and properties of stretchable
electronics to provide monitoring of the ABP.°2°
While these sensing approaches offer accurate
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FIGURE 1 Sensing Approach of the Hall-Based Sensing Device for Cardiovascular Disease Patient Management
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(A) Schematic of the most common cardiovascular diseases and their influence on the blood pressure (BP) waveform. The analysis of the BP waveform contains
significant information, which could be used to guide the treatment. (B) BP waveforms captured with the sensing device during the in vivo validation. (C) Illustration of
the hall-based sensing device attachment and a detailed view showing the components comprising the sensing device. The hall-effect sensor (HES) and magnet are
completely separated, and they are sutured at a predefined distance on the outer arterial wall. (D) The contraction of the heart creates a pulsating pressure profile
[P(t)] that travels through the arterial vessels. Depending on the vascular compliance, this pulsating pressure results in a varying vessel diameter [D(t)], which
changes the position of the 2 sensing components. During systole, the distance between the components increases, resulting in a weakened magnetic flux at the
measurement surface of the HES and, hence, an increased voltage output [V(t)] (negative sensitivity selected for the HES). The voltage variation is translated to
distance changes [z(t)] via the operation map produced during the calibration of the sensor. The distance between the sensing components is used to deduce the
arterial diameter, the arterial circumferential strain and the pressure waveforms in a continuous manner. ECMO = extracorporeal membrane oxygenation.

which may lead to unwanted interference with
vascular movement and compliance.

Noninvasive measurement of the ABP by cuff-type
sphygmomanometer or wearable devices that are

measurements of the entire ABP waveform, their long-
term usage is still complicated by drift, a phenomenon
of changing sensor output over time, and the need of a
tight fixation on the circumference of the aortic wall,
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directly attached to the skin provide only incremental
values.??® Although the wearable devices have
significantly improved the stability of the sensing
device, the measurement accuracy and reproduc-
ibility are highly affected by body posture, by move-
ment of the measuring device during use, and often
by increased ABP at the time of measurement at the
clinic (ie, white coat hypertension).”’” Additionally,
these devices typically estimate the ABP by using the
peripheral blood pressure and generalized mathe-
matical models that are associated with high
inaccuracies®®?° and, hence, can increase the risk of
potential misdiagnosis and mistreatment."

We present an improved invasive sensing approach
for continuous monitoring of ABP as well as arterial
wall diameter (AD) and arterial circumferential strain
(ACS). The waveforms of the latter variables consti-
tute the basis to further deduce pulse wave velocity,
respiration frequency, and duration of the systolic
phase of the cardiac cycle, which can offer new ca-
pabilities in CVD treatment management. In detail,
similar to the work of Ruhhammer et al,'® an extra-
vascular sensing device is proposed, which is
attached to the outer vascular wall. The device com-
prises a magnetic flux sensor (hall-effect sensor
[HES]) and a miniature magnet, both fully encapsu-
lated in 3-dimensional (3D)-printed biocompatible
housings. By eliminating the elastic interconnection
between the HES and magnet assemblies, the sensing
device avoids not only vascular restriction, but also
unwanted drift phenomena. The performance of the
hall-based sensing device (HBSD) was first evaluated
in vitro using an artificial silicone artery. As a next
step, in a proof-of-concept study, the translational
capabilities of the HBSD were validated in vivo. In
detail, the HBSD was tested in a porcine model under
physiologic and pathologic hemodynamic conditions,
demonstrating high accuracy in monitoring the ABP
and the vascular properties in all experimental
settings.

METHODS

DESIGN AND FABRICATION. The proposed HBSD
sensor is an extravascular sensing system that en-
ables continuous measurement of the ABP, AD, and
ACS. The sensor has been optimized to allow the
acquisition of changes in the diameter of large vessels
such as the ascending aorta (diameter of 27.2-
36.6 mm); however, its parametric design would also
allow the adaptation of the sensor to function accu-
rately even when smaller vessels (minimum diameter
of 10 mm) need to be monitored. The sensing
approach and the device structure are presented in
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Figures 1C and 1D. In short, the device consists of 2
distinct components, namely the magnet component
and the HES component, which are attached to
the outer wall of the aorta. With no physical inter-
connection of the components, any vessel constric-
tion and restrain is avoided, while, at the same
time, drift phenomena due to material fatigue are
eliminated.

The fabrication procedure of the HBSD is presented
in more detail in Supplemental Appendix 2 as well as
in Supplemental Figure 2, while in Supplemental
Appendix 8 the considerations for the material se-
lection can be found. Briefly, the magnetic component
embodied a miniature nickel-plated, neodymium
(N48) permanent magnet (diameter = 2.0 + 0.1 mm,
height = 1.0 4+ 0.1 mm, weight = 0.024 g), which was
coated with Parylene-C by chemical vapor deposition
to improve the temperature stability, as well as to
ensure chemical and moisture resistance. For the HES
component, an analog-bipolar HES with a SOT-23
packaging and a sensitivity of —45 mV/mT was
selected (length x height x thickness = 2.92 mm x
1.30 mm x 1.15 mm, weight = 0.30 4+ 0.01 g). Both
components were encapsulated in 3D-printed and
ultraviolet (UV)-cured housings made of class I
biocompatible resin, which enabled exact posi-
tioning of the components on the arterial wall. The
encapsulated assemblies, along with the copper
wires for energy and data transmission, were
coated with a 3-um layer of Parylene-C via chemical
vapor deposition to ensure adequate insulation and
biocompatibility. By accounting both components of
the HBSD, the total weight was 1.38 + 0.02 g, the
height was 3.22 + 0.01 mm, and the footprint on
the vessel wall was 7.00 + 0.02 mm x 8.00 +
0.40 mm (longitudinal length x circumferential
length). The weight distribution of the HBSD on the
aortic wall is given in a qualitative form in
Supplemental Figure 9.

WORKING PRINCIPLE. The pulsatile nature of the
native heart results in a pulsatile blood flow and,
hence, the aorta experiences an altering diameter
within each cardiac cycle. As illustrated in Figure 1D,
the variation in the AD results in a varying distance
between the magnet component and the HES
component of the sensing device. Hence, a varying
magnetic field is applied on the HES and, conse-
quently, a varying output voltage is measured. By
measuring the voltage output of the HES, the AD,
ACS, and ABP are calculated. Based on the ABP
waveform, the respiration frequency and the systolic
period of the cardiac cycle can be deduced. When a
second sensing device is implanted in the proximity

549


https://doi.org/10.1016/j.jacbts.2022.12.008
https://doi.org/10.1016/j.jacbts.2022.12.008
https://doi.org/10.1016/j.jacbts.2022.12.008
https://doi.org/10.1016/j.jacbts.2022.12.008
https://doi.org/10.1016/j.jacbts.2022.12.008

550

Magkoutas et al
Toward Continuous Monitoring of Blood Pressure

of the first sensor, the pulse wave velocity (PWV) can
also be measured.

A thorough description of the steps required to
obtain the aforementioned properties is given in
Figure 2. Specifically, the deduction of the AD is based
on the working principle of the HES because the latter
responds linearly to the magnetic flux induced
perpendicular to the measurement surface. Any
translation of the permanent magnet results in al-
terations of the magnetic flux sensed by the HES and,
hence, an alteration in the measured voltage output.
Based on the predefined and constant sensitivity (S)
of the HES, the applied magnetic flux perpendicular
to the measuring surface (B;) can be calculated by the
measured output voltage (Vp,):

B, = % (Tesla) (6))

By using the “current model” for the analysis of
apermanent magnet polarized alongits symmetry axis
with a uniform magnetization M; (Supplemental
Appendix 1, Supplemental Figure 1),%° the distance
between the centers of the magnet component and
the HES component of the sensing device can be
calculated from the magnetic flux. This approach
results in highly accurate calculation of the distance
and accounts for any misalignment between the
centers of the components induced by the impre-
cision of the implantation. However, misalignment
induced during the manufacturing process, or any
inherent deviation in the residual flux density of
the permanent magnet, could drastically deteriorate
the accuracy of the mathematically calculated dis-
tance. To eliminate the risk for inaccuracies, we
conducted a calibration procedure for each sensing
device (Supplemental Appendix 6). Based on the
calibration procedure, the voltage output to dis-
tance relation was acquired for all possible orien-
tations and nmisalignments of the sensing
components (Figure 2A), resulting in a “calibration
space” for each sensing device (Figure 2C). This
calibration space is defined by second-order expo-
nential equations:

b -Vin(t) d-Vn(t)

z(t)=a-e

with a,b,c,d=f(¢,.7) @

+c.e (mm)

where z is the distance between the center of the
magnet component and the HES component, t is the
time index, ¢ is the misalignment angle in the yaw
plane, vy is the misalignment angle in the pitch plane,
r is the misalignment of the magnet and HES centers
in the x-y plane expressed as a radius, and Vy, is the
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measured voltage output. a, b, ¢, and d are exponen-
tial coefficients that depend on the misalignment
parameters.

In Figure 2D, the usage of the calibration space
and the necessary steps to derive the monitored
variables are depicted. More precisely, during the
implantation procedure of the sensing device, the
misalignment angles ¢ and y and the misalignment
radius r are measured. These quantities are then set
as input parameters in the calibration space to ac-
quire the appropriate voltage output to distance
relation, termed the operating map. In case the
measured values of ¢, v, and r do not coincide with
the calibration values, a spline-based multivariate
interpolation is conducted. As a next step, based on
Figure 2B, the AD can be calculated directly from
the distance between the magnet component and
the HES component by

D(t) = Do +§§3(7,;/§3 (mm) ®
where z(t) is the distance between the magnet
component and the HES component calculated by
equation 2, z, is the initial distance between the
magnet component and the HES component, k is
the angle between the magnet component and the
HES component with respect to the center of the
aorta in the x-y plane, and D, is the initial aortic
diameter.

The circumferential arterial strain can be calcu-
lated from the arterial diameter as:

_D(t)~ Do

Ec Do 4

The calculation of the ABP is based on the Young-
Laplace equation defined for thin-walled vessels,*’
given as

oc=P (5)

> =

with ¢, being the circumferential stress, P being the
arterial pressure, R being the arterial wall radius,
and 0 being the arterial wall thickness. When the
arterial wall is considered as nonviscous and iner-
tialess material with a linear elastic response, the
circumferential stress is linearly related to the strain
ec with the elastic Young modulus Ey (6. = Eyec).
However, studies have shown that the arterial wall
is characterized by a viscoelastic behavior.'° In this
work, the viscoelastic behavior of the arterial wall is
taken into consideration by incorporating the effect
of the rate of change of strain in the stress-strain
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FIGURE 2 Working Principle and Characterization of the HBSD
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(A) Misalignment between the centers of the sensing components during the implantation procedure. ¢ is the angle in the yaw plane (X' — y'), v is the angle in the pitch
plane (x' — Z), and r is the misalignment of the magnet and hall-effect sensor (HES) centers in the yaw plane expressed as a radius. (B) Schematic of the changing
distance between the sensing components within a cardiac cycle. zp is the initial distance between the magnet component and the HES component, k is the angle
between the magnet and the HES with respect to the center of the aorta in the yaw plane, and R is the arterial radius during diastole, while A R and A z are the change
in arterial radius and distance, respectively. (C) Each hall-based sensing device (HBSD) is calibrated for a set of ¢,v, and r combinations, resulting on the depicted
calibration space. The measured misalignment values are used as driving parameters in the calibration space to identify the operating relation between the sensor
output and the distance between the sensing components. (D) Flowchart of the steps necessary to derive the arterial distension, arterial circumferential strain, and
arterial blood pressure. (E) HBSDs evaluated for their operation robustness when they are immersed in a 0.9% saline bath at 37 °C for 7 days. Both sensors show great
stability, with the change in their response being within the initial deviation of the sensor. (F) The performance of 2 sensors was evaluated in a temperature ramp test.
Temperature changes within the range of 30 °C to 44 °C had no effect on the sensor's response.
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relation, as proposed by Peterson et al*’ and
given by

de.
0. = Eec + RmE (6)

By substituting equation 6 to 1, the arterial

pressure is calculated by

P= % (Eec +Rm%> @)
with E and R;, being subject-specific elastic moduli
that are identified with in situ calibration during the
implantation process.

The respiratory activity influences the transmural
pressure (pressure inside the heart chamber minus
the intrapleural pressure), resulting in increased or
decreased preload and ventricular stroke volume
during inspiration or expiration, respectively. These
alterations in preload and stroke volume during the
respiration cycles affect the ABP, allowing the
deduction of the respiratory frequency by the ABP
waveform. The latter deduction requires accurate
identification of the onset of each cardiac cycle. In
this study, we identified the cardiac cycle onsets
based on the maxima of the first derivative of the ABP
waveform, when the latter is low-pass filtered with an
18th-order, zero-phase finite impulse response filter
with a cutoff frequency of 8 Hz (Supplemental
Appendix 3, Supplemental Figure 3). The cardiac cy-
cle onsets enable the extraction of the systolic pres-
sure (SP). The SP points of the ABP result in a new
waveform. By identifying the minima of this wave-
form, the respiration period can be calculated as the
time interval between 2 consecutive minima. Conse-
quently, the respiration frequency is deduced as the
inverse of the respiration period. A detailed flowchart
of the described process is given in Supplemental
Figure 5.

For the calculation of the systolic phase of the
cardiac cycle, the cycle onset along with the dicrotic
notch are prerequisites. However, the identification
of the dicrotic notch is not trivial. In this work, we
followed the process described in Supplemental
Figure 4. In short, the maxima of the first derivative
of the low-pass-filtered ABP waveform, which do not
correspond to the cardiac cycle onsets and the index
of which exceeds the SP index, are identified. The
indexes of these maxima are then used as pivot points
to search and identify the regional maxima of the
original ABP waveform. The regional maxima corre-
spond to the dicrotic notch of each cardiac cycle. By
calculating the time interval between the onset and
the dicrotic notch of each cycle, the systolic phase of
the cardiac cycle is deduced (Supplemental Figure 4).
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The PWV can be measured by attaching a second
sensor in the proximity of the first sensor. More pre-
cisely, the PWV is calculated by the division of the
distance between the 2 sensors and the time interval
between the cardiac cycle onset on the first sensor
and the same cardiac cycle onset of the second
sensor.

CHARACTERIZATION OF HBSD. The HBSD was
tested and characterized with respect to its robust-
ness to sterilization, immersion into liquid, temper-
ature changes, dynamic and cyclic loading, as well as
with respect to misalignment effects induced by
imprecision of the implantation. In detail, 5 HBSDs
were sterilized by autoclaving (121 °C for 20 minutes)
to ensure their robustness in common sterilization
procedures. The autoclaved sensing devices were
mounted on a holding structure that ensured a fixed
distance between the magnet and the HES compo-
nents. The holding structure with the sensing devices
attached was immersed in a 0.9% saline solution bath
that was kept at 37 °C via a heating element (Corio;
JULABO GmbH). The sensing devices were directly
connected to an NI-DAQ-USB6210 (National In-
struments; 1 kHz sampling frequency) and the data
were continuously registered in a desktop PC for
7 days. After this period, all sensors were retrieved to
be examined for swelling. Based on Dual et al,® the
weight of each sensor was measured on a precision
scale (ALJ 500-4A; KERN & SOHN GmbH). After
applying vacuum and heat (100 °C) for 2 hours, the
weight of each sensor was measured again on the
same precision scale.

The temperature experiments were conducted
with the HBSDs (n = 5) being mounted on a holding
structure and immersed in a 0.9% saline solution
bath. The temperature of the bath ranged from 30 °C
to 44 °C in steps of 1 °C, and it was measured with a
thermistor (MA-100; Amphenol Advanced Sensors).
The response of the sensing devices as well as the
temperature of the bath were acquired via an NI-DAQ-
USB6210 (National Instruments; 1 kHz sampling fre-
quency). For each temperature setting, after the
temperature in the bath had stabilized at the required
level, the data were measured and collected in
30-minute windows and registered to a desktop PC.

To evaluate the robustness of the sensing devices
in long-term cyclic loading, tests were performed on a
tensile testing machine (AGS-X, Shimadzu Schweiz
GmbH). The clamping of the sensing devices on the
tensile device required specific mountings that have
been designed and manufactured out of polylactic
acid with fused deposition modeling 3D printing. The
cyclic loading emulated the maximum distension of
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2 mm that the sensing device could measure when
implanted on an ascending aorta with a diameter of
30 mm. The moving velocity was 4 mm-s™, emulating
a heart rate of 60 beats/min and symmetric systolic
and diastolic periods.

Finally, the assessment of the misalignment
effects on the response and accuracy of the HBSD
was based on the calibration space developed during
the HBSD calibration procedure in Supplemental
Appendix 6.

IN VITRO SETUP AND EXPERIMENTS. The perfor-
mance of the HBSD in measuring the AD, ACS, and
ABP was first evaluated in vitro. The test bench for
the in vitro tests (shown in Figure 3A) consisted of a
linear motor (P01-37x120F, NTI AG LinMot & Mag-
Spring), a bellows, 2 unidirectional valves, a water-
proof tank made of Plexiglass, an artificial artery
molded with RTV3040 silicone, 2 mountings for the
artificial artery with pressure measurement ports, 2
pressure sensors (TruWave, Edwards Lifesciences), a
laser optical displacement sensor (optoNCDT, Micro-
Epsilon Messtechnik GmbH & Co KG), a flow meter
(Sonoflow CO.55/190, Sonotec GmbH), a thermistor
(MA-100), and a heating element (Corio).

To adequately mimic the typical expansion and
pulsatile nature of the native aorta in the ascending
region, the artificial artery had an outer diameter of
30 mm (the typical outer diameter of the ascending
aorta in adults is 27.2-36.6 mm)>® and a wall thickness
of 2 mm. The silicone artery was fabricated based on
the process described by Zimmerman et al.** Five
HBSDs were attached on the artificial artery with
instant adhesive, and the artificial artery was moun-
ted on the testbench to form a closed loop system.
During the in vitro experiments, the tank was filled
with a physiologic saline solution and the tempera-
ture was controlled at 37 °C. The closed loop system
was also filled with saline solution; however, its
temperature was not controlled. By manipulating the
stroke length and the velocity of the linear motor,
various sinusoidal pressure curves could be achieved,
accounting for different pressure conditions and
various physiologic heart rates. The intravascular
pressure (measured through the pressure ports before
and after the artificial artery) and the displacement of
the arterial wall (measured with the laser optical
displacement sensor) were used as reference signals
for the evaluation of the performance of the HBSDs.

IN VIVO SETUP AND EXPERIMENTS. The feasibility
of HBSD and its performance were further assessed
in vivo, in a porcine model, mimicking more accu-
rately the environment and the arterial motions
encountered under clinical conditions. In addition, to
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evaluate the translational readiness, the HBSD was
tested under physiologic and pathologic hemody-
namic conditions, with the latter being mimicked by
implementing cardiopulmonary bypass (CPB) sup-
port. All experiments were conducted on adult pigs
(n = 12; Swiss large white; female; 96.9 + 8.7 kg
body weight) with a diameter of the ascending aorta
of 23.4 4+ 3.3 mm. The experiments were divided
into 3 phases. In detail, the first 4 experiments
facilitated the model and device establishment,
wherein the design and electronics of the HBSDs
were iteratively optimized and the experimental
protocol was established. The second phase,
comprised 2 experiments, dedicated to the optimi-
zation of the physiologic and hemodynamically
deviated animal models as well as to the optimiza-
tion of the overall experimental protocol. Finally, a
device validation phase followed, wherein the
standardized assessment of the optimized device
was performed in 6 animals. The animal housing
and all procedures and protocols were performed
with the ethical approval of the local committee for
experimental animal research (Cantonal Veterinary
Office Zurich) under the license number ZH213/2019.

The experimental procedure of the in vivo experi-
ments is shown in Figures 4A and 4B. In detail, after
the loss of postural reflexes following premedication
with ketamine (Ketasol-100 ad us.vet.; Dr. E. Graeub
AG; 15mg/kg), azaperone (Stresnil; Elanco Tierge-
sundheit AG; 2mg/kg), and atropine (Atropin 1%;
Kantonsapotheke; 0.05mg/kg), anesthesia was
induced by a bolus injection of propofol (Propofol-
Lipuro 1%; B. Braun Medical AG; 1-2mg/kg body
weight), and the animals were intubated. Anesthesia
was then maintained with 2% to 3% isoflurane and
propofol (2-5mg/kg/h). Amiodarone (Cordarone,
Sanofi; 150 mg bolus intravenous) was administered
to stabilize the heart rhythm, while administration of
buprenorphine (0.01 mg/kg) every 4 hours for the
duration of the procedure was included for the pain
management.

Once the animal was anesthetized, as it is depicted
in Figures 4A and 4B, a left thoracotomy was per-
formed to provide access to the ascending and
descending aorta. A perivascular flowmeter (T400;
Transonic Systems Inc) was implanted at the base of
the ascending aorta to provide reference measure-
ments of the cardiac output. Specifically designed
paper-stencil representing the sensors’ exact foot-
print was placed at the predetermined site of sensor
implantation on the aorta and served as a guide for
the precise placement of 5-0 Prolene surgical sutures
(Ethicon). Following the suture placement, the nee-
dles were cut, and sutures threaded through
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FIGURE 3 In Vitro Setup and Performance Validation of the HBSD
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prefabricated holes on the HBSD components. The 2
components of each HBSD were then “slided” along
their corresponding sutures into the thoracic cavity
and then fixed onto the aortic wall by knotting the
suture’s free ends. The position of the HBSD compo-
nents was radial (perpendicular to the longitudinal
axis of the aortic wall), allowing the distance between
the 2 components to freely follow the pulsatile
changes of the aortic diameter (the implantation
process is demonstrated in Video 1). After fixing the
HBSD components, as shown in Supplemental
Figure 7, a fluoroscopy image in laterolateral projec-
tion was taken and the alignment of the 2 compo-
nents was assessed. When the HBSD alignment met
the acceptance criteria (Supplemental Appendix 7,
Supplemental Figure 8), the voltage output of the
sensor was measured for 20 seconds, otherwise one of
the HBSD components was repositioned and the
process was repeated. The mean value of the 20-
second measurement was compared with the
voltage output identified during the calibration pro-
cess for the same distance and alignment. In case the
voltage deviation exceeded 5% (Supplemental
Appendix 7, Supplemental Figure 8), the HBSD was
replaced. In a next step, an intravascular fluid-filled
blood pressure-measuring catheter (Infiniti 5F PIG
145.038 125 cm; Cordis Corporation) was inserted
through the femoral artery and under fluoroscopic
guidance carefully positioned at the height of the
HBSD at the ascending aorta and connected to a
commercial blood pressure sensor to provide the
necessary reference signal. All the reference sensors
and the HBSDs were connected directly to a data
acquisition card, and the data were continuously
recorded.

To demonstrate the full capabilities of the HBSD, a
number of different hemodynamic conditions were
emulated during all animal experiments. Specifically,
after a baseline measurement at stable resting
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conditions, adrenergic stimulation using dobutamine
(0.5 mg/mL) was performed to achieve a SP of
approximately 130 mm Hg for a prespecified period
of 5 minutes. These settings allowed the evaluation of
the HBSD under increased blood pressure levels (up
to 150 mm Hg) as well as increased heart rates (up to
130 beats/min). Additionally, to investigate the effect
of the respiration induced movement on the HBSD
performance, 15 to 20 seconds of apnea conditions
were conducted.

To test the capabilities of the HBSD in hemody-
namic conditions present in patients with heart fail-
ure (eg, volume overload) or in case of low pulse
pressures (eg, heart failure patients supported with
ventricular assist devices), the animals were con-
nected to a CPB circuit. To achieve this, after hep-
arinization (activated clotting time >300 seconds),
cannulation of the aortic arch (inflow) and the pul-
monary artery (outflow) was performed, and the pig
was connected to the CPB circuit (Figure 4C). The
performance of the HBSD was assessed under various
CPB support levels, with and without pharmacolog-
ical stimulation (dobutamine).

During the in vivo experiments, the intravascular
pressure, voltage output of the HBSD, and aortic flow
were acquired with an NI-DAQ-USB6210 (2 kHz sam-
pling frequency), driven by a MATLAB 2020b (The
MathWorks) script.

On the completion of the study procedure, all

animals were euthanized by the administration of
an overdose of pentobarbital while still under gen-
eral anesthesia according to the animal study
protocol.
DATA POSTPROCESSING. The data collected during
the in vitro and in vivo experiments were filtered
with an 18th-order, zero-phase finite impulse
response filter with cutoff frequency of 30 Hz and
14 Hz, respectively. Postprocessing was conducted
with MATLAB 2020b scripts.
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FIGURE 3 Continued

(A) Setup for the in vitro evaluation of the hall-based sensing device (HBSD) comprised: 1) a linear motor; 2) a bellows that enables a volume change; 3) 2 unidirectional
valves; 4) a flow meter; 5) an artificial silicone artery; 6) 5 HBSDs; 7) a laser sensor measuring the reference diameter (RD); 8) a waterproof tank; 9) a heating element
and a thermometer; 10) a port for reference pressure (RP) measurement; and 11) tubing to circulate the saline solution. (B) The applied diameter and pressure conditions
to emulate different operating scenarios. In time windows 1 to 3, the heart rate remained at 60 beats/min, with varying loading conditions, while in windows 4 and 5,
the heart rate was set to 90 and 160 beats/min, respectively. (C) Detailed depiction of the measurements during the operating conditions 1 to 5, shown in panel

B. The arterial diameter and pressure measured with the HBSD is compared with the RD and RP measurements, while the systolic and diastolic values are presented for
all signals. (D) Linear association between the diameter measured with the HBSD and the RD, as well as the pressure measured with the HBSD and the RP. The intraclass
correlation coefficients for the diameter and pressure measurements were 0.9995 (95% Cl: 0.9995-0.9995) and 0.9944 (95% Cl: 0.9892-0.9965), respectively.
(E) Difference of the systolic and diastolic values measured with the HBSD and the reference sensors, including all different operating conditions. The difference in
diameter is expressed as a percentage of the initial diastolic aortic diameter. (F) Bland-Altman plot of differences between the HBSD and the RD, with the repre-
sentation of the mean difference, the limits of agreement (dashed line) from —1.96 SD to +1.96 SD, and 95% Cl. (G) Bland-Altman plot of differences between the
HBSD and RP, with the representation of the mean difference, the limits of agreement (dashed line) from —1.96 SD to +1.96 SD, and 95% Cl. EDP = end-diastolic
pressure; HP = hall pressure; MAP = mean arterial pressure; SP = systolic pressure.
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FIGURE 4 In Vivo Setup and Performance Validation of the HBSD
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STATISTICAL ANALYSIS. The data are presented as
time sequences, as well as with the mean + SD of the
difference between the reference measurements and
the measurements conducted with the HBSD. The
comparison of the reference and HBSD measurement
approaches is based on the intraclass correlation co-
efficient (ICC) with its 95% confidence intervals (CIs),
using the model of absolute agreement with single
measurements (A-1)>* implemented by Salarian.*®
Additionally, the data are compared with the Bland-
Altman plots of differences with the representation
of the mean difference, the limits of agreement from
—1.96 SD to +1.96 SD, and 95% CI. All statistical ana-
lyses were performed in MATLAB R2020b.”

RESULTS

CHARACTERIZATION OF HBSD. The conventional
sterilization process, conducted by autoclaving the
sensing device at 121 °C for 20 minutes, had no in-
fluence on the operation of the hall-effect-based
sensor. The response of 2 sensors immersed for
7 days in a physiologic (0.9%) saline solution bath at
37 °C, simulating the environment within the human
body, is shown in Figure 2E. The change in the mean
voltage output (MVO) and the SD with respect to the
initial voltage output Vo was infinitesimal over the
course of the experiment. Following the immersion in
liquid, the sensors were examined for the presence of
swelling of the 3D-printed encapsulation structure.
Both sensing devices presented a weight increase
of <1%.

In Figure 2F, the effect of temperature changes on
the response of the HBSD are presented, by means of
the MVO with respect to the initial voltage output Vo.
During the ramp-up of the temperature from 30 °C to
44 °C, the MVO was unchanged, while the SD
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remained in the initial range. This response indicates
the robustness of the HBSD to temperature changes in
a range much broader than the one expected inside
the human body.

The novelty of the proposed HBSD stems from the
absence of an elastic interconnecting part between
the sensing components. Any elastic component
would be prone to cyclic fatigue and, consequently,
long-term drift of the sensor. To prove the robust
operation of the HBSD over time, long cyclic loading
experiments were conducted on a tensile device. As it
can be seen in Supplemental Figure 6, the response of
the sensor after 30,000 cycles is identical to the initial
response, as expected.

In addition, the influence of misalignment among
the 2 sensing components of the HBSD, was exam-
ined. The response and resolution of the sensor was
adequate as long as ¢ <2°, y <2° and r < 0.5 mm, while
the limit in z distance for the investigated design was
2.25 mm. In case the induced misalignments exceed
the latter limits, the sensor position needs to be
adjusted.

IN VITRO PERFORMANCE VALIDATION. By using the
in vitro setup shown in Figure 3A, 5 HBSDs were
mounted on the surface of the artificial artery
(Figure 3A), and various physiologic conditions
(Figure 3B) were emulated by varying the loading
range (peak SP =30-220 mm Hg) and the heart rate
(60-160 beats/min). In Figure 3C, a comparison of the
diameter measured with the HBSD, and the reference
sensor is shown for the applied operating conditions.
The profile of the diameter was almost identical to the
reference profile in all conditions. Similarly, the
pressure profiles acquired with the HBSD indicated
high accuracy when compared with the reference
pressure profiles (Figure 3C). In Figure 3D, the linear
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FIGURE 4 Continued

(A) Setup for the in vivo evaluation of the HBSD. Under general anesthesia, the ascending aorta was surgically accessed through a left thoracotomy. Further, the 2
components of the HBSD were carefully fixed on the vessel, in a transversal direction, with surgical sutures. Through a femoral access, an intravascular catheter was
placed in the ascending aorta to provide the reference pressure values. (B) Image of the in vivo setup with HBSD 1 (HS1) and HBSD 2 (HS2) being sutured on the
ascending and descending aorta, respectively. The implantation process of one of the sensors is demonstrated in Video 1. (C) Image of the in vivo setup after the
insertion of the inlet and outlet cardiopulmonary bypass (CPB) tubing. (D) Comparison of the arterial blood pressure (ABP) measured via the HBSD and the reference
intravascular pigtail catheter during the in vivo experiment. The HBSD was able to accurately capture the varying loading conditions, which were achieved by
administering adrenergic medical stimulation. (E) Comparison of the ABP measured via the HBSD and the reference intravascular pigtail catheter during the CPB
support. The HBSD was able to accurately capture the varying loading conditions, which were achieved by administering boluses of dobutamine and different support
ratios. (F) The intraclass correlation coefficient for the ABP measured with the HBSD and the reference ABP was 0.9856 (95% Cl: 0.9855-0.9858). (G) Difference of
the EDP, SP, and MAP values measured with the HBSD and the reference sensor, including all different operating conditions. (H) The intraclass correlation coefficient
for the ABP measured with the HBSD and the reference ABP during the CPB support was 0.9587 (95% Cl: 0.9583-0.9590). (1) Difference of the EDP, SP, and MAP
values measured with the HBSD and the reference sensor, including all different CPB support ratios and pressure conditions. (J) Bland-Altman plot of differences
between the HBSD and the reference pressure, with the representation of the mean difference, the limits of agreement (dashed line) from —1.96 SD to +1.96 SD, and
95% Cl. (K) Bland-Altman plot of differences between the HBSD and the reference pressure during CPB, with the representation of the mean difference, the limits of
agreement (dashed line) from —1.96 SD to +1.96 SD, and 95% Cls. HSR = high support ratio; LSR = low support ratio; MSR = medium support ratio; PM = pressure
manipulation; other abbreviations as in Figure 3.
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FIGURE 5 Cumulative Analysis of HBSD Performance In Vivo, Identification of Cycle Critical Components, and PWV Calculation
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association between the reference values and the
values measured via the HBSD is illustrated. The ICCs
for the diameter and pressure measurements were
0.9995 (95% CI: 0.9995-0.9995) and 0.9944 (95% CI:
0.9892-0.9965), respectively. Although the time-
sequence data of diameter and pressure contain
crucial information about the condition of a patient, it
is of paramount importance to extract the values
obtained during systole (SP) and diastole (end-dia-
stolic pressure [EDP]), as well as the mean ABP (mean
arterial pressure [MAP]). The mean errors between
the reference diameter and the diameter measured
via the HBSD, expressed as a percentage of the initial
diastolic aortic diameter, were -0.10% =+ 0.29% and
0.19% + 0.34% during diastole and systole, respec-
tively (Figure 3E). The mean errors in the EDP, SP, and
MAP (Figure 3E) were 0.03 + 0.79 mm Hg, 0.25 +
0.59 mm Hg, and 0.10 + 0.38 mm Hg, respectively.
Under all conditions examined, the absolute pressure
error was below 3 mm Hg. The results of the Bland-
Altman plot in Figure 3F and 3G also indicate that the
HBSD has a mean bias of 0 mm, with limits of agree-
ment (LoA) of 0.16 mm, compared to the reference
laser sensor, and a mean bias of —1.39 mm Hg, with
LoA of -6.79 to —4.01 mm Hg, compared to the
reference pressure sensor.

IN VIVO PERFORMANCE VALIDATION. To demon-
strate the full capabilities of the HBSD and assess its
translational readiness, an extensive in vivo experi-
mental protocol has been designed and executed in
a porcine model. In Figure 4D, a comparison of the
reference pressure and the pressure measured via the
HBSD is illustrated for one of the animal experiments.
The pressure signal provided by the HBSD accurately
captured the highly varying pressure profiles,
regardless of the pressure level and the heart rate. In
Figure 4F, the linear association between the refer-
ence pressure values and the values measured via the
HBSD is depicted for the entire experiment. The high
association between the 2 measuring approaches is
confirmed by the high ICC that was 0.9856 (95% CI:
0.9855-0.9858). The mean errors in the EDP, SP, and
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MAP (Figure 4G) were —2.62 + 3.17 mm Hg, 0.43 +
2.39 mm Hg, and -1.60 + 2.28 mm Hg, respectively.
Additionally, in the Bland-Altman plot (Figure 4J) it is
indicated that the HBSD has a mean bias of 0 mmHg,
with LoA of 4.08 mmHg, compared to the reference
pressure sensor.

A cumulative analysis of the entire in vivo dataset
is provided in Figures 5A to 5C. From the 24 sensors
implanted in all in vivo experiments, 15 were eligible
for further evaluation. The rest of the sensors were
excluded due to corrupted reference measurements
(2 sensors), animal complications (2 sensors), or
sensor malfunction including sensor detachment or
wire breakage (5 sensors). In Figure 5A, boxplots with
the difference between the EDP, SP, and MAP values
measured with the HBSDs, and the reference sensors
are depicted for stable resting conditions. All sensors
demonstrated accurate measurement of EDP, SP, and
MAP, with the mean absolute error (MAE) being
below 5 mm Hg compared with reference. Overall,
HBSDs showed slightly lower accuracy in SP mea-
surements, with increased MAE and SD values. The
same boxplots are given in Figure 5B for the experi-
mental section in which blood pressure and heart rate
stimulation were performed. During these conditions,
although all HBSDs demonstrated a MAE below
5 mm Hg in EDP and MAP measurements, 5 HBSDs
showed MAE above 5 mm Hg in SP measurement. In
addition, during the blood pressure stimulation the
SD was increased for all HBSDs. In Figure 5C, boxplots
of the difference between the EDP, SP, and MAP
values measured with the HBSDs and the reference
sensors during apnea are depicted. Under apnea, a
significant reduction in both MAE and SD is demon-
strated for all of the examined HBSDs. However, the
sample size (given on the lower right corner of each
boxplot) was significantly lower compared with the
other sections. Furthermore, for HBSDs 5 and 6, the
apnea section was not completed due to animal
complications.

In Figure 4E, a comparison of the reference pres-
sure and the pressure measured via the HBSD is
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FIGURE 5 Continued

Difference of the EDP, SP and MAP values measured with 15 HBSDs and the reference sensor during the in vivo experiments: (A) rest/stable animal condition; (B) apnea;
(C) pressure manipulation; (D) CPB support. At the bottom-right corner of each sensor block, the number of evaluated samples is given. The patch colors correspond
to those in Figure 4D. The dashed red lines show the boundaries for pressure measurement device certification. (E) Identification of cardiac cycle onset/EDP, dicrotic
notch, and SP from the ABP waveform provided from the HBSD and the reference sensor. The systolic phase of the cardiac cycle is calculated as the time interval
between the onset and the dicrotic notch of each cardiac cycle. The respiration period and, hence, the respiration frequency are calculated by the time interval
between the minimum of the SP values (Supplemental Appendix 3 to 5, Supplemental Figures 3 to 5). (F) Pulse wave velocity (PWV) calculation based on the ABP
waveforms of 2 consecutive HBSDs. The reference flow and pressure are also depicted to validate the changes in the PWV. CC = cardiac cycle; PM = pressure
manipulation; RT = respiration time; ST = systolic phase duration; other abbreviations as in Figures 3 and 4.
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illustrated during the CPB support. Independent of
the pressure level, the CPB support level, and, hence,
the effective pulse pressure, the pressure signal pro-
vided by the HBSD captured accurately the highly
varying pressure profiles. In Figure 4H, the linear as-
sociation between the reference pressure values and
the values measured via the HBSD is depicted for the
entire experiment under CPB support. The ICC for the
ABP measured with the HBSD and the reference ABP
during the CPB support was 0.9587 (95% CI: 0.9583-
0.9590), confirming the high association between the
2 measuring approaches. The mean errors in the EDP,
SP, and MAP (Figure 41) were 3.00 + 4.75 mm Hg,
—4.65 + 4.40 mm Hg, and 0.46 + 3.92 mm Hg,
respectively. Additionally, in the Bland-Altman plot
(Figure 4K) it is indicated that during the CPB support,
the HBSD has a mean bias of 0.03 mmHg, with LoA of
8.50 mmHg, compared to the reference pressure
sensor. In Figure 5D, the boxplots showing the dif-
ference between the EDP, SP, and MAP values
measured with the HBSDs and the reference sensors
during the CPB support are illustrated. A total of 11
sensors were assessed during this experimental sec-
tion, 4 sensors were again excluded due to animal
complications or sensor malfunctions (sensor
detachment or wire breakage) after the CPB implan-
tation. The examined sensors demonstrated high ac-
curacy in EDP, SP, and MAP measurement regardless
of the CPB support level. Except for 2 HBSDs, the
analyzed HBSDs showed a MAE lower than 5 mm Hg
for all measurement; however, in some cases, the
number of outliers has been increased due to mis-
detections during the identification of the EDP value.

By capturing the entire ABP waveform, as shown in
Figure 5E, the HBSD enables the identification of the
cardiac cycle onsets, EDP, SP, and dicrotic notch
through postprocessing. Based on the time index of
the dicrotic notch and the onset of a specific cardiac
cycle, the systolic phase of the cardiac cycle can be
determined. In the same figure, the points used for
the calculation of the respiration frequency are
showed; however, a detailed flowchart of the calcu-
lation is given in the Supplemental Appendix
(Supplemental Appendix 5, Supplemental Figure 5).
In Supplemental Figure 5, the calculated respiration
frequency is compared with the reference respiration
frequency, which was set as default value on the
ventilator used during the experiments (20 breaths/
min).

In Figure 5F, the calculated PWV along with the
reference flow rate and ABP is illustrated. Although
there was not a reference measurement for the PWV,
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the calculated PWV was in the physiologic range of
the animal model used.?® Additionally, as it is illus-
trated in Figure 5F, the PWV correctly followed the
pressure and flow variations, confirming its accuracy.

DISCUSSION

In this work, the design, characterization, and in vitro
and in vivo performance of an implantable HBSD for
continuous monitoring of ABP, AD, and ACS have
been demonstrated under various hemodynamic
conditions. The HBSD consists of a HES and a minia-
ture magnet, which are both embedded in 3D-printed
biocompatible housings and then coated with
Parylene-C. The design of the sensing device allows
for optimization of the housings based on the
vascular diameter, ensuring safe attachment and ac-
curate measuring capabilities.

The extravascular nature of the HBSD diminishes
the risk of thrombosis, blood cell damage and flow
obstruction, which constitute common problems that
current intravascular sensors encounter.3® The lack of
connective material between the components of the
HBSD, along with the minimal footprint and weight
(<1.4 g) of the HBSD, ensure that neither relevant
restriction on the distension nor gravitational forces
due to the device’s mass are applied on the arterial
wall. Hence, compared with the majority of extra-
vascular sensors that have been proposed for the
measurement of vascular and hemodynamic proper-
ties,> %1519 the HBSD may substantially reduce the
risk of adverse events.

The robustness of the HBSD was demonstrated
during autoclaving procedures, immersion in liquid
environment, and temperature changes. Addition-
ally, the sensing device showed excellent response
under dynamic cyclic loading. The latter character-
istic stems from the avoidance of any elastic con-
nective material, which are prone to fatigue and often
the main source of sensor drift. Eliminating drift is a
major step toward the achievement of long-term
monitoring of CVD patients and constitutes a funda-
mental benefit compared with the majority of other
extravascular or wearable sensing technologies.*”

The in vitro tests of the HBSD demonstrated its
capabilities to monitor the AD, ACS, and ABP. The
HBSD was able to accurately capture all applied
changes in diameter and pressure of the artificial ar-
tery. Comparison of the data produced by the HBSD
with the reference data showed high association and
agreement, independent of the emulated hemody-
namic state. Compared with published data, the
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HBSD outperformed the existing extravascular
sensing approaches in regards of accuracy.®'%2°

The performance of the HBSD was further evalu-
ated in vivo under various hemodynamic conditions
(eg, physiologic, pathologic) in a pig model. The
pressure waveforms provided by the HBSD demon-
strated high association and agreement with the
reference pressure waveforms measured by the
intravascular catheter during the entire experiment
and, independent of the pressure range and the heart
rate changes. For the sensors analyzed in this work,
the mean error between the EDP, SP, and MAP values
provided by the 2 sensing approaches was in all cases
significantly smaller than in existing, similar sensing
approaches.'®?° Additionally, the mean error was
comparable or smaller than for the only Food and
Drug Administration-approved implantable sensor,3®
applicable only in the pulmonary artery.

In 8 of the 12 animals, the hemodynamic condi-
tions were altered by CPB in order to mimic deviation
from physiologic hemodynamic properties. In this
context, the performance of the HBSD was assessed
under low pulse pressure and various loading condi-
tions, similar to those of end-stage heart failure pa-
tients supported by ventricular assist devices. The
comparison of the ABP waveforms provided by the
HBSD demonstrated high association and agreement
with the reference pressure waveforms during the
entire experiment, independent of the level of CPB
support. Considering that the HBSD design was opti-
mized for higher pressure and distension levels,
further improvement in the measurement accuracy
could be achieved with HBSDs specifically designed
for CPB conditions. In this setting, the HBSD could
provide the necessary hemodynamic input parame-
ters for the clinical implementation of physiologic
control algorithms developed for ventricular assist
devices and, hence, improve the performance of such
systems and the management of end-stage heart
failure patients.?*#!

In addition, it has been shown that the ABP
waveforms captured by HBSD enable the accurate
extraction of the cardiac cycle onset/EDP, SP, and
dicrotic notch. Based on these quantities, the dura-
tion of the systole and the respiration frequency can
be calculated. The continuous monitoring of the
systolic period of the cardiac cycle can support the
calculation of the ejection fraction*” and, hence,
assist in heart failure therapy guidance. Continuous
monitoring of the respiration frequency could be used
as an input in the prediction of progressive heart
failure.*344
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The calculation of the PWV when 2 HBSDs are
implanted has been also demonstrated. Although
there was a lack of reference values during the ex-
periments, the PWV was in physiologic range and
followed the pressure and flow rate variations. The
acquisition of the PWV could enable the monitoring
of biomechanical properties of the vessel that the
HBSD is attached and, hence, support the surveillance
of CVD patients. In addition, the PWV, combined with
the calculated AD, can offer new possibilities for in-
direct estimation of the cardiac output. The latter
could further facilitate the clinical implementation of
physiologic control algorithms developed for ven-
tricular assist devices.?®-4%#>

We recognize that the deviation between the HBSD
and the reference pressure measurements is higher in
the in vivo than in the in vitro experiments, especially
in systole. Based on the results obtained during ap-
nea, the main attributor to this discrepancy is the
respiration-induced movement of the aortic wall,
which was not simulated in vitro. This behavior
shows that the HBSD lacks in selectivity and, hence,
the measured signal is prone to respiratory artifacts.
Although these artifacts can be used to deduce the
respiration frequency as described previously, due to
the distinct difference between respiration and heart
frequency, a correction against these artifacts could
be implemented if necessary.

The proper function of HBSD requires highly ac-
curate surgical placement of the 2 sensing compo-
nents because implantation-induced misalignment
can affect the sensing accuracy. Hence, a delivery tool
that allows for automatic fixation of the sensing
components at predefined positions on the vascular
wall and minimizes the invasiveness of the implan-
tation procedure is currently under development.
Moreover, data and energy transmission of the pre-
sented HBSD was achieved through copper wires.
Being aware that this approach may increase the
risk of infections at the skin exiting site and device
malfunctions, a wireless transmission unit is under
development. In this unit, a Bluetooth Low Energy
communication protocol is used to transfer data
from the sensor to an external receiver. The sensor
and the Bluetooth Low Energy module are powered
through a rechargeable lithium-ion coin-cell battery,
with the battery being recharged every 72 hours
through inductive coils. This system is currently
being tested in an in vitro setting, and we envision
its usage to achieve a fully implantable version of
the HBSD with transcutaneous energy and data
transmission.
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The HBSD in its current design can be exclusively
used during open-heart procedures, requiring a
sternotomy or lateral thoracotomy for surgical access
like left ventricular assist device implantation, coro-
nary artery bypass graft surgery, etc. Hence, consid-
ering that the fixation of the sensor requires only
routine placement of nonresorbable superficial su-
tures to the adventitia of the aorta, the implantation
of HBSD would not affect greatly the invasiveness of
the existing surgical procedures. After such a cardiac
surgical procedure, the pericardium is (at least
partially) closed and the epicardial fat layer lands
itself on top. Within a few weeks after the index
procedure, adhesions will be formed between the
aorta and the covering layer. These adhesions would
possibly lead to sensor encapsulation, which along
with the nonresorbable sutures, should enhance the
positional stability of the HBSD and render its
detachment unlikely. Although the aforementioned
encapsulation and the possible vascular scar forma-
tion or tissue ingrowth may impact the HBSD’s long-
term performance, considering that the strength of
the magnetic field is not influenced by tissue, the
response of the sensor should not be affected.
Despite the validation of the HBSD with an extensive
in vitro and in vivo experimental protocol, the per-
formance in a closed-chest setting that would allow
the assessment of the latter effects, as well as the
potential impact during animal movement, has not
been investigated yet. In order to evaluate such a
scenario and assess long-term device performance,
chronic animal trials are planned.

Removal of the current HBSD is not envisioned
because the risk of a reoperation for the sensor
retrieval would not be justifiable, unless this was
mandated in the rare event of a device infection.
Hence, in case of a failing sensor, the HBSD would be
deactivated, and it would stay inside the body,
similar to the process that is currently followed for
the CardioMEMS.

We acknowledge also that the changes in the
biomechanical properties of the vasculature might
affect the relation between the diameter and the
pressure over time and, hence, deteriorate the accu-
racy of the ABP measurements. However, we have
shown that a 2-sensor measurement approach en-
ables the PWV derivation, which is highly related
with the biomechanical properties.'**® We foresee
the exploitation of the PWV to implement an online
recalibration process.

Finally, it has to be mentioned that although the
current hardware implementation is considered
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sufficient to prove the functionality of the HBSD in an
acute setting, the design of the HBSD and the im-
plantation procedure are still in the early develop-
mental phase, and further optimization is necessary
to allow its use in humans.

CONCLUSIONS

Continuous measurement of ABP and properties
that reflect vascular status have the potential to
monitor CVD progression and to closely observe and
adjust for the treatment effects of antihypertensive
and heart failure medications. This proof-of-concept
study provides evidence that the ABP, AD, and ACS
waveforms can be accurately and continuously
monitored via the proposed sensing approach.
Based on the ABP waveform, insights about the
PWV, respiration frequency, and systolic phase of
the cardiac cycle can be derived. The HBSD
demonstrated unaffected performance after sterili-
zation, immersion in liquid, and temperature
changes, while it was able to accurately capture the
monitored parameters in vitro and in vivo, under
various and extreme physiologic and pathologic
conditions, induced by CPB support. While the
current system requires a cable connection for data
and energy transmission, a wireless version with
remote monitoring capabilities is currently under
development to enable the evaluation of the HBSD
in long-term in vivo experiments and allow the
translation to the clinical setting.
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PERSPECTIVES

COMPETENCY IN PATIENT CARE AND
PROCEDURAL SKILLS: Revealing the information hid-
den in the ABP waveform, as well as other vascular
properties, can constitute the cornerstone to allow better
patient-compliance surveillance and treatment manage-
ment in patients experiencing CVDs. In this study, we
demonstrate the development and validation of a minia-
ture extravascular hall-based magnetic sensor that allows
continuous measurement of the ABP waveform and the
waveforms of AD and ACS, allowing to derive also the
PWV, respiration frequency, and duration of the systolic
phase of the cardiac cycle. Due to the invasiveness of the
implantation procedure of the current device, CVD pa-
tients following major cardiovascular surgery such as
ventricular assist device implantation could benefit the
most. However, after improving the data/power trans-
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progression of various CVDs as well as remote monitoring
and adjustment of treatment effects.

TRANSLATIONAL OUTLOOK: This proof-of-concept
study provides evidence that the proposed HBSD can
accurately measure the ABP waveform under various
physiologic and pathologic conditions, while it enables
the acquisition of various vascular and hemodynamic
variables. This is an important initial step to allow the
translation of the HBSD toward clinical applications;
however, to further enhance the translational capabilities
of the HBSD, improvements in device design, data/power
transmission, and implantation procedure have to be
considered. Finally, prior to testing the feasibility and
safety of the HBSD in humans, chronic animal trials are
required to investigate the performance of the sensor in a

mission and implantation procedure of the device, its
usage in the clinical setting and the insights of the
measured properties would allow for monitoring disease

closed-chest environment and to address the conse-
quences of potential tissue ingrowth on the long-term
performance of the HBSD.
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