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Aims Remote monitoring of pulmonary artery pressure has reduced heart failure (HF) hospitalizations in chronic HF
as elevation of pulmonary artery pressure provides information that can guide treatment. The venous system is
characterized by high capacitance, thus substantial increases in intravascular volume can occur before filling pressures
increase. The inferior vena cava (IVC) is a highly compliant venous conduit and thus a candidate for early detection
of change in intravascular volume. We aimed to compare IVC cross-sectional area using a novel sensor with cardiac
filling pressures during experimental manipulation of volume status, vascular tone, and cardiac function.

Methods Experiments were conducted in sheep to manipulate volume status (colloid infusion), vascular tone (nitroglycerin

and results infusion) and cardiac function (rapid cardiac pacing). A wireless implantable IVC sensor was validated ex-vivo
and in-vivo, and then used to measure the cross-sectional area of the IVC. Right- and left-sided cardiac filling
pressures were obtained via right heart catheterization. The IVC sensor provided highly accurate and precise
measurements of cross-sectional area in ex-vivo and in-vivo validation. IVC area changes were more sensitive than
the corresponding changes in cardiac filling pressures during colloid infusion (p <0.001), vasodilatation (p <0.001)
and cardiac dysfunction induced by rapid pacing (p <0.02).

Conclusions Inferior vena cava area can be remotely and accurately measured in real time with a wireless implantable sensor.
Changes in IVC area are more sensitive than corresponding changes in filling pressures following experimental volume
loading and fluid redistribution. Additional research is warranted to understand if remote monitoring of the [IVC may
have advantages over pressure-based monitors in HE
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A wireless inferior vena cava (IVC) sensor was implanted in sheep followed by experiments to manipulate volume status, vascular tone, and cardiac

function. The IVC sensor provided accurate measurements of cross-sectional area. IVC area changes were more sensitive than the corresponding

changes in cardiac filling pressures during manipulation of volume status, vascular tone, and cardiac function. PAP, mean pulmonary artery pressure;

RAP, right atrial pressure.

Keywords

Introduction

Congestion is a central pathophysiological process and the pri-
mary target in the treatment of heart failure (HF). Quantify-
ing and tracking congestion are critical components of acute
and chronic HF disease management."™* Acute decompensated
heart failure (ADHF) is one of the most common hospital
discharge diagnoses and accounts for more than half of all
HF-related expenditures.>~7 ADHF is primarily a disease of con-
gestion rather than low cardiac output, making prevention of con-
gestion critical.”™ In the CHAMPION trial (CardioMEMS Heart
Sensor Allows Monitoring of Pressure to Improve Outcomes
in NYHA Class lll Heart Failure Patients) monitoring of pul-
monary artery pressure (PAP) led to a 37% relative reduction
in HF-related hospitalizations. However, the absolute rate of HF
events remained high with death or HF-related hospitalization
occurring in over 30% of the CardioMEMS monitored patients
at 1 year® In the GUIDE-HF trial (Hemodynamic-Guided Man-
agement of Heart Failure), haemodynamic-guided management of
HF did not result in a lower composite endpoint rate. How-
ever, there was a significant benefit in the pre-COVID-19 period

Heart failure e Inferior vena cava ® Venous pressure « Models o Animal

that applied to both New York Heart Association class Il and llI
patients.’

Symptoms of congestion occur primarily as a consequence of
increased systemic and pulmonary venous pressures. Importantly,
there is a relative disconnect between pressure and volume in
the venous circulation, an evolutionary adaptation that allows
maintenance of cardiac preload (filling pressures) over a wide
range of volume status.'®~'2 The venous system is highly compliant
and approximately 70% of intravascular volume resides in this
compartment. Given this high compliance, relatively large changes
in intravascular volume can be buffered resulting in little change in
filling pressures.'"* Only when either capacitance is exhausted or
a significant change in vascular tone reduces capacitance will cardiac
filling pressure significantly rise. As a result of this physiology,
techniques to monitor the distention of the venous system may
offer an earlier and more sensitive signal for monitoring congestion.

The inferior vena cava (IVC) is a highly compliant venous conduit
known to undergo large changes in dimension with minimal change
in pressure over a wide operating range.'*'® These characteristics
make the IVC an excellent candidate for monitoring volume status
in HF with a more sensitive signal expected for volume expansion

© 2021 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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than pressure-based metrics. A wireless implantable IVC sensor
has been developed that when energized with radiofrequency (RF)
energy reports its cross-sectional area with high temporal and spa-
tial fidelity. The overarching objective of the current study was
to better understand the relative performance of IVC dimension
versus invasively determined filling pressures to detect intravascu-
lar volume expansion, volume redistribution, and worsening car-
diac performance. To accomplish this, we first validated a wireless
implantable IVC sensor that measures IVC cross-sectional area
with high temporal and spatial resolution. We then characterized
the performance of this sensor during experimental manipulation
of volume status, vascular tone, and experimental acute HF.

Methods

Animals and procedure preparation

Experiments were conducted at American Preclinical Services (APS,
Minneapolis, MN, USA) and the experimental protocol was approved
by the APS Institutional Animal Care and Use Committee. Studies were
conducted in nine farm sheep (~70kg) in accordance with the Animal
Welfare Act. Animals were induced with a combination of propofol,
midazolam, ketamine, and buprenorphine, and then underwent endo-
tracheal intubation with mechanical ventilation and maintenance anaes-
thesia using isoflurane. Venous and arterial access were obtained by
vascular cut down or percutaneous approach via catheters placed in
the iliac vein, iliac artery, carotid artery and jugular vein. Pressures
were monitored by fluid filled catheters in the carotid artery and with
a Swan—Ganz pulmonary artery catheter (Edwards Lifesciences, CA,
USA) and recorded using Powerlab (AD Instruments, CO, USA). In
a subset of sheep, a pacing lead was inserted into the right ventricle
and connected to an external pulse generator. IVC area was measured
using the implantable sensor (see below) which was placed in the IVC
using fluoroscopy, and intravascular ultrasound (Boston Scientific, MA,
USA\). Briefly, via femoral venous access, the introducer sheath was
positioned between renal and hepatic veins, and the landing zone length
IVC diameter was confirmed using fluoroscopy. The loader containing
the sensor was inserted into the introducer sheath. The pusher was
inserted through the loader to advance the sensor to the tip of the
introducer sheath. The self-expanding sensor was deployed keeping
the pusher position fixed while retracting the introducer sheath. The
pusher and sheath were retracted once the sensor was deployed (see
online supplementary Videos ST and $2).

Experimental protocol
Nitroglycerin infusion

The purpose of the nitroglycerin experiment was to acutely manipulate
vascular (venous) tone in the setting of stable intravascular volume.
Nitroglycerin was infused at a rate of 1000 pg/min as a vasodilatory
stimulus. IVC area measured by the sensor, as well as right atrial
pressure (RAP), and PAPs were monitored throughout the experiment.

Volume experiment

First, blood was extracted from the animal to bring the animals to an
initial starting RAP of approximately 2 mmHg. All extracted blood was
stored in standard citrate phosphate dextrose adenine blood collection
bags to maintain the blood stable for re-infusion. After an approximate

30-min period of equilibration allowing plasma refill, the extracted
blood and hydroxyethyl starch (1:1 mixture) was injected in progres-
sively larger boluses (50 ml, 100 ml, 250 ml, etc.) with 2 min of equili-
bration after each bolus. Volume loading was continued until a goal RAP
of 15 mmHg or clinical instability (e.g. progressive hypoxia) occurred.
When the removed blood was exhausted, hydroxyethyl starch was
infused alone. IVC area measured by the implanted sensor, as well as
RAP and PAPs were monitored throughout the infusion period.

Rapid cardiac pacing

The purpose of the cardiac pacing experiment was to manipulate car-
diac function in the setting of a stable intravascular volume. Rapid
cardiac pacing can induce acute systolic and diastolic cardiac dysfunc-
tion; in addition, it is a stimulus for vasoconstriction with subsequent
redistribution of fluid from unstressed to stressed compartments. In
a subset of animals, rapid right ventricular pacing was performed via
transvenous pacing at 170 bpm. The threshold of 170 bpm was chosen
because preliminary experiments showed that at this rate, mean arte-
rial pressure decreased to <70 mmHg and cardiac index decreased to
<3.0 Umin.

Inferior vena cava sensor

The IVC sensor (FIRE1, Dublin, Ireland) is designed as a chronic
implantable passive monitor to measure area of the [IVC over time.
The resulting signal is analysed for IVC area and change in area during
the respiratory cycle. The system is comprised of three components:
the sensor, which is implanted in the IVC, the delivery system (pusher
and loader), and the external detection system (belt, hardware unit and
laptop) as depicted in Figure 1.

The sensor is delivered to the implantation site during a percu-
taneous procedure via femoral access using a standard commercially
available 16 Fr sheath. The detection system generates RF energy,
which is transmitted to the belt placed along the subjects’ abdomen
at the approximate level of the sensor. This energy creates an alternat-
ing magnetic field that energizes the implanted sensor. The sensor is an
electro-magnetic resonator comprised of a coil of wire and a capacitor.
The energized sensor resonates at a frequency that is detected by the
belt. The resonant frequency is dependent on its inductance, which in
turn is dependent on the area of the sensor. The resonant frequency of
the sensor is detected externally by the belt and decoded by the hard-
ware unit. Upon analysis, the results will indicate the cross-sectional
area of the sensor and thus, the cross-sectional IVC area in the sensor
location of the patient.

Validation of the inferior vena cava
sensor

The sensor resonance frequency relates directly to the sensor's
cross-sectional area and hence a characterization curve can be used to
link the frequency received to the area of the sensor itself. For estab-
lishing the model, 18 white acetal calibration tubes of varying inner
diameters (13—28 mm in 1 mm steps, plus 30 mm, 34 mm, and 38 mm)
manufactured to within + 0.1 mm were used. The exact inner diameter
was measured using a calibrated digital Vernier caliper (150 mm, model
500-19630, Tokyo, Japan, calibrated accuracy +0.01 mm) and the mea-
sured diameters were converted to areas. A common characterization
curve was derived from 22 sensors from the same manufacturing batch
which were used for the current study. The common characterization

© 2021 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Figure 1 FIRE1 remote monitoring device components. (A) The sensor is an electro-magnetic resonator comprising of a coil of wire and a
capacitor. (B) A hardware unit generates radiofrequency energy, which is transmitted to the belt, worn around the patient’s abdomen at elbow

height. The energized sensor resonates at a frequency that is detected by the belt.

curve linking sensor resonance frequency and cross-sectional area was
read into Matlab R2019b (The MathWorks, Inc., Natick, MA, USA) for
further processing. The accuracy of the sensors used in this study was
tested by comparing actual known tube area to area estimated using the
common characterization curve data. The frequency measured for any
given study sensor in one of the 18 tubes was recorded and converted
to area for testing purposes.

After the sensors were implanted in animals, intravascular ultra-
sound (IVUS) images were obtained from caudal, mid, and cranial
positions within the sensor during a pause in ventilation, and the aver-
age area was recorded. In addition, a second set of IVUS images was
recorded with the IVUS catheter at the centre of the sensor and mon-
itored for ~10s while the animals were ventilated. [IVUS images (~600)
were marked semi-automatically and then mapped against the sensor
area measured at corresponding time points. IVUS areas were aver-
aged, and the mean value was determined. Then, mean IVUS areas were
compared with mean areas measured by the sensor matching the time
the IVUS images were obtained.

Statistical analysis

Continuous variables were summarized as mean + standard deviation
or median (quartile 1—quartile 3) according to the observed distribu-
tion. Categorical variables were described as frequency (percentage).
For the validation of the sensor, the IVC area measured by the sen-
sor was compared with the known area of the tubes or the measured
area by the IVUS, respectively. Pearson correlation coefficients and the
difference between them were reported. For the animal experiments
we aimed to compare changes in IVC area, RAP and PAPs. Given that
there is significant heterogeneity in the size of the IVC between animals,
normalization of the IVC area was necessary. For this comparison, the
range (the maximum minus the minimum) of each of the three parame-
ters was calculated for each animal. Then, the percentile change in each
parameter was calculated as: (target measurement — baseline measure-
ment)/range. For instance, the percentile change for the IVC area after
nitroglycerin infusion was calculated as the IVC area after nitroglycerin
infusion — IVC area before infusion (baseline)/IVC area range. There-
fore, the percentile change describes how much the parameter (IVC,
or pressure) moved from the minimum to the maximum. A percentile

change of 50% means the parameter moved from the percentile 1 to
the percentile 50. For the volume experiment, the association between
IVC area and RAP or PAPs (all in percent change units) was assessed
for non-linearity with linear regression using splines with 3 cubic knots.
Because there were repeated measures for each animal, we used lin-
ear mixed models to account for the absence of independence of
observations. For the pre-post comparisons of the nitroglycerin and
cardiac pacing experiments, the difference in percent change between
IVC area and RAP or PAPs was assessed with paired t-tests. The
pre- to post-volume comparisons shown in the online supplementary
Table S 1 were done with the Wilcoxon matched-pairs signed-rank test.
A p-value <0.05 was considered statistically significant. Stata SE 14.0
(StataCorp, College Station, TX, USA) was used for statistical analysis.

Results

Validation of the inferior vena cava
sensor

Nine sensors were tested in 18 different tubes ranging in areas
from 133.55 to 1139.79 mm?. The tube areas were known within
0.01 mm?Z. The correlation between the IVC area measured by the
sensors and the tube areas was 1.0 (p < 0.001) (Figure 2). The mean
difference between the IVC area measured by the sensors and the
known area of the tubes was —6.0 mm? [95% confidence interval
(Cl) 7.6 to —4.3mm?] representing a mean difference of —1.4%
(95% Cl —1.6% to —1.2%). For the in-vivo validation, a total of
14 IVUS measurements from seven animals were obtained. The
correlation between IVC area measured by the sensor and IVYUS
was r = 0.99 (p <0.001) (Figure 2). The mean difference between
the IVC area measured by the sensor and IVUS was —5.5 mm? (95%
Cl —13.3 to 2.3mm?) representing a mean difference of —1.6%
(95% ClI —4.3% to 1.0%).

Animal studies

Nine animals were studied (mean weight 67.1 + 6.2 kg). Implant of
the IVC sensor was successful in all animals without complication.

© 2021 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Figure 2 Exwivo and in-vivo validation of the inferior vena cava sensor. (Top left) The correlation between the known areas of the tubes
and the sensor was 1.0 (p <0.001). (Bottom left) Bland—Altman analysis between known areas of the tubes and sensor; the mean difference
was —6.0mmZ. (Top right) The correlation between intravascular ultrasound (IVUS) measured areas and sensor measured was 0.985 (95%
confidence interval 0.953—0.995) (p < 0.001). Dashed lines represent the +10% IVUS area. (Bottom right) Bland—Altman analysis between IVUS

areas and sensor: the mean difference was —5.5 mmZ.

Landing zone was easily visualized, and deployment of sensor
was easily completed in all animals. No migrations, fractures or
thrombus were observed. External system provided successful
continuous wireless monitoring throughout the experiments.

Nitroglycerin experiment

The nitroglycerin experiment was completed in nine animals at
baseline prior to manipulation of the fluid status of the animal.
The change in IVC area, RAP and PAP was calculated comparing
pre- to post-nitroglycerin measurements. Consistent with redistri-
bution of volume into the splanchnic capacitance vessels, IVC area
decreased —18.3 + 14.6% during the nitroglycerin infusion. The
corresponding percent decrease in RAP and PAP were —8.1 +7.3%
and —11.0 +8.2%, respectively. Relative changes in RAP and PAP
were significantly lower compared with the IVC change (p < 0.001
for both comparisons) (Figure 3).

Volume experiment

The volume experiment was completed in all nine animals. In total,
an average of 2781 + 544 ml of blood-hydroxyethyl starch mixture
was infused into each animal, corresponding to 65% of typical

total blood volume in sheep. Figure 4 shows that the relationship
between IVC area and invasively measured RAP was non-linear
(p-value for non-linearity <0.001). Online supplementary Figure S7
shows the corresponding non-linear association between [VC
area and diastolic PAP (dPAP). In the low pressure range, there
were large changes in IVC area with relatively small changes in
RAP and PAPs. Once RAP and dPAP reached ~6 and 15 mmHg,
respectively, the relationship became significantly steeper, with
small increases of volume infusion resulting in larger increases of
pressure. For instance, with the initial infusion of 500 ml of fluid,
IVC area increased ~60% compared to only a ~20% increases
of RAP and dPAP. At higher volumes and pressure having infused
~1500ml, RAP and dPAP increased by ~50% compared to a
10% increase of IVC area. The relationship between IVC area
and pulmonary capillary wedge pressure was similarly non-linear
but with IVC increasing with less volume infused than required
to see increases of pulmonary capillary wedge pressure (online
supplementary Figure 52). Online supplementary Figure 53 shows
the association between IVC respiratory collapse with volume.
Online supplementary Figure 54 shows the association between
RAP in mmHg and IVC in mm?2.

© 2021 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Rapid cardiac pacing experiment

The cardiac pacing experiment was successfully completed in seven
animals. The change in IVC area, RAP and PAP was calculated
comparing pre-cardiac pacing versus cardiac pacing. The percent
change in IVC area was +19.0 + 20.0%; that is, IVC area increased
after cardiac pacing compared with baseline. The percent change
in RAP and PAP were +12.9 + 12.2% and +5.1 + 4.4%, respectively
(both RAP and PAP increased after cardiac pacing). Changes in
RAP and PAP were significantly lower compared to the IVC change
(p <0.02 for both comparisons) (Figure 3). Online supplementary
Table $7 summarizes haemodynamic and IVC measurements
across studies.

Discussion

The primary observations of this study are: (i) a passive
resonance-based IVC sensor provides highly accurate and precise
measurements of cross-sectional area of the IVC; (ii) this sensor
can be placed in the IVC of an intact animal and provides real-time
information on IVC size during provocative manoeuvres; (iii)
increases in IVC area during volume loading were more sensitive
than increases in cardiac filling pressures during colloid infusion,
indicating that intravascular volume expansion can be detected
at an earlier stage using this approach; and (iv) changes in IVC
dimensions were more sensitive than change in cardiac filling
pressures induced by vasodilatation and rapid cardiac pacing,
indicating value in detecting fluid redistribution (Graphical Abstract).
These observations support further research on remote IVC area
monitoring as a new candidate to improve clinical management of
HF by allowing for earlier detection of incipient congestion.

The finding that IVC area is more sensitive to detect volume
changes than pressure-based metrics is expected based on estab-
lished physiologic principles. The venous system is comprised of
the most compliant vessels in the body (approximately 30 times
that of the arteries) and >70% of total blood volume resides
in the venous compartment.’?"? This great compliance facilitates
a relative pressure—volume disconnect allowing large changes in
blood volume to be associated with small changes in pressure. In
line with this physiology, filling pressures such as central venous
pressure and pulmonary capillary wedge pressure have repeatedly
demonstrated limited correlation with measures of volume status
such as circulating blood volume and haemodynamic response to
fluid challenge.'®'316-2 Given that the IVC is a highly compliant
venous structure, it is not surprising that its behaviour paralleled
that known of the venous system. At the lower end of intravas-
cular volumes, IVC area changed dramatically with little to no
change in pressure. With severe hypervolaemia, as the capacitance
of the venous system was exhausted, little change in IVC area was
observed with large changes in pressure. Thus, the value for IVC
area monitoring is to identify early increases in central vascular
volume that may be more sensitive than increases in PAPs.

A less obvious but also predictable finding was that IVC area
would also be more sensitive for redistributive shifts in volume
than pressure-based metrics, even when total blood volume
remained constant. Blood volume can be conceptually divided into

stressed (Vs) and unstressed (Vu) compartments. Vu is the volume
of blood that would fill the vascular space at a pressure of zero,
and this is normally thought to represent ~70% of venous blood
volume. If the vascular space were to continue to be filled, that
volume that further stretches the vessels generating a pressure
defines Vs. In addition to the inherently compliant nature of the
venous system, the capacitance can be greatly altered by changes
in vascular tone. With stimuli such as sympathetic activation,
increased tone leads to a significantly altered pressure—volume
relationship moving blood from Vu to Vs."121%2425 | the current
study, we demonstrated that vasodilatation with nitroglycerin
and vasoconstriction with rapid cardiac pacing, stimuli known to
alter vascular tone and redistribute blood, significantly altered
the IVC area with relatively small changes in pressures. These
observations, combined with the anatomic location of the IVC in
the central circulation, suggest that the [VC may act as a surrogate
for changes in stressed blood volume.

The clinical implications of the current study are that chronic
monitoring of an IVC sensor may provide incremental/additive
information to pressure-based sensors. The total blood volume of
the sheep used in this experiment is estimated to be approximately
4 L. Thus, infusing 500 ml of blood/hydroxyethyl starch represents a
meaningful relative expansion of blood volume. However, this only
translated into ~20% change in dPAP when starting from a normal
intravascular volume. Thus, when a patient with HF is adequately
decongested, relatively large increases in intravascular volume may
occur prior to increases in dPAP. These would be detected earlier
using IVC area. These observations warrant testing chronic IVC
remote monitoring in HF patients. The first in human clinical
investigation of the FIRE1 device/system is ongoing (FUTURE-HF,
NCT04203576) and will evaluate the feasibility and safety of
implanting the FIRE1 system in stable HF patients.

Several limitations should be noted. The present study was
designed to provide proof of concept that the IVC area shows
earlier changes compared to invasively obtained filling pressures.
The study was conducted using healthy sheep with experimen-
tal manipulation of volume, venous tone, and cardiac function.
As such, findings of this study cannot be directly extrapolated to
humans and particularly humans with HE The three experiments
were done on the animals the same day; thus, we cannot exclude
some potential effects of the first experiments on the subsequent
ones. Animals in these experiments were under general anaesthe-
sia, blunting cardiovascular reflexes and thus changes in vascular
tone with the interventions. Changes in IVC area during volume
infusions could be affected by changes in vascular tone. Animals
were endotracheally intubated receiving positive pressure mechan-
ical ventilation. As such, insights into respiratory variations of the
IVC are limited. Changes in IVC area are not a pure reflection of
change in total blood volume and likely are variably influenced also
by venous capacitance, IVC compliance and tone, and transmural
pressure. The ‘volume experiment’ was designed to evaluate the
pressure—|VC relationships starting at a low normal central venous
pressure to an elevated central venous pressure, and the reported
observations are correct within this construct. However, given the
well-known pressure—volume disconnect and the effect of mechan-
ical ventilation and anaesthesia on filling pressures, the absolute

© 2021 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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volume status of the animal was unknown and likely varied some-
what between animals. Future research in HF patients will be
required to anchor these observations to clinically relevant vol-
ume categories such as hypovolaemia and hypervolaemia. IVC
areas were found to be variable between individual sheep and
thus, dimensions were normalized to the range of IVC observed
during the experiment to reduce this variability and focus on
the underlying physiological pressure—volume relationship. Future
research may be necessary to determine if normalization pro-
vides similar superior sensitivity of the IVC to pressure in
human HF patients. Therefore, these findings should be regarded
as hypothesis-generating and additional research in chronic HF
patients will be required to truly understand the potential of
chronic IVC monitoring for HE

In conclusion, the present study shows for the first time that
a wireless passive RF-based sensor can be safely deployed in the
IVC, allowing for remote assessment of IVC area in real time. We
further show that changes in IVC area are more sensitive than the
corresponding changes in pressure both to experimental volume
loading and fluid redistribution, with greater dynamic changes
in the operating range of normal to moderately high venous
pressures. These data call for further study of chronic remote
home monitoring using IVC implanted devices to improve clinical
management of patients with chronic HF

Supplementary Information

Additional supporting information may be found online in the
Supporting Information section at the end of the article.
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