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Aims The management of congestion is one of the key treatment targets in heart failure. Assessing congestion is, however,
difficult. The purpose of this study was to investigate the safety and dynamic response of a novel, passive, inferior
vena cava (IVC) sensor in a chronic ovine model.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Methods
and results

A total of 20 sheep divided into three groups were studied in acute and chronic in vivo settings. Group I and Group
II included 14 sheep in total with 12 sheep receiving the sensor and two sheep receiving a control device (IVC
filter). Group III included an additional six animals for studying responses to volume challenges via infusion of blood
and saline solutions. Deployment was 100% successful with all devices implanted; performing as expected with no
device-related complications and signals were received at all observations. At similar volume states no significant
differences in IVC area normalized to absolute area range were measured (55± 17% on day 0 and 62±12% on
day 120, p = 0.51). Chronically, the sensors were completely integrated with a thin, reendothelialized neointima
with no loss of sensitivity to infused volume. Normalized IVC area changed significantly from 25± 17% to 43±11%
(p = 0.007) with 300 ml infused. In contrast, right atrial pressure required 1200 ml of infused volume prior to a
statistically significant change from 3.1 ± 2.6 mmHg to 7.5 ± 2.0 mmHg (p = 0.02).

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Conclusion In conclusion, IVC area can be measured remotely in real-time using a safe, accurate, wireless, and chronic implantable
sensor promising to detect congestion with higher sensitivity than filling pressures.
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Graphical Abstract

A wireless inferior vena cava (IVC) sensor was implanted in sheep followed by experimental sensor assessment at acute and chronic time points
including safety, signal, and sensor performance during manipulation of volume status. All sensors were safe and provided signal at all time points.
The performance study (bottom right) showed that the sensors responded equally well to volume infusion (100 ml per data point) at acute and
chronic observations, demonstrating the sensor’s ability to detect volume accumulation consistently and reliably. Furthermore, IVC area changes
were more sensitive than the corresponding changes in cardiac filling pressures, that is right atrial pressure (RAP) during manipulation of volume
status.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Keywords Heart failure • Inferior vena cava • Right atrial pressure • Models • Animal • Chronic and
acute response • Intravascular congestion

Introduction
Acute decompensated heart failure (ADHF) is characterized by
excessive salt and water retention leading to congestion. Con-
gestion is also the main target for therapy in patients hospitalized
with ADHF. However, assessing and monitoring congestion poses
significant challenges for effective disease management.1–4 Indeed,
insufficient detection and treatment of congestion contributes to
the high rates of hospitalizations in patients with chronic disease.5–7

Although remote monitoring of pulmonary artery pressure has
been demonstrated to reduce heart failure (HF)-related hospital-
ization by up to 37%, the absolute rate of HF events remained high;
death or HF-related hospitalization occurred in over 30% of the
monitored patients at 1 year, reflecting significant residual risk of
events.8 Further, in the recent GUIDE-HF trial a remote pressure
monitoring system implanted in patients with milder forms of HF
did not result in a significant improvement in clinical outcomes in
the full cohort analysis – likely to have been impacted by the effects
of the COVID-19 pandemic.9 Given the limitations of the current
standard of care, it remains unclear how to optimally detect and
manage congestion in ambulatory patients with a bid to reducing
hospitalization, morbidity and mortality.

Absolute inferior vena cava (IVC) diameter and the degree
of collapsibility with inspiration (collapsibility index [CI]) have
been established as tools to assess volume status and fluid ..
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.. responsiveness in multiple clinical settings.10 IVC dilatation has

been shown to be associated with an increased risk of early
readmission and short-term mortality in patients hospitalized for
ADHF,11 while in patients with chronic HF, increasing IVC diame-
ter has been demonstrated to correlate with adverse outcomes.12

However, ultrasound imaging of the IVC is challenging with consid-
erable intra-operator variability and often limited imaging windows
due to body habitus. Compared to ultrasound of other cardiac
structures, IVC size (<2.5 cm diameter) and depth within the
abdomen (>10 cm away from transducer) pose major techni-
cal challenges.13 In one study, sufficient image quality of the IVC
was only obtained in 57% of patients when scanned by trained
nurse operators.14 It is therefore hypothesized that the use of an
implanted device that monitors IVC geometry (size and collapsibil-
ity) in real time may allow detection of clinically significant increases
of intravascular volume with a higher sensitivity than filling pres-
sures. This would facilitate earlier therapeutic interventions aimed
at counteracting hypervolaemia and may as a result help reduce HF
hospitalization rates and improve exercise tolerance and quality of
life. In a first pre-clinical study with the FIRE1 System (Foundry
Innovation & Research 1 Ltd., FIRE1, Dublin, Ireland), it was shown
that IVC area is a more sensitive measure than filling pressure when
intravascular volume and tone were modulated acutely.15

The aim of this study was to demonstrate the safety and per-
formance of this new system, as well as to define its dynamic

© 2023 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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response to intravascular volume modulation during the acute
and chronic stages following implantation. Particular attention was
paid to device endothelialization and its possible effects on ves-
sel/sensor compliance. It is hypothesized that the IVC sensor would
demonstrate complete endothelialization into the IVC intima and
that such neointimal integration during chronic healing would
have no effect on sensor accuracy or its response to infused
volume.

Methods
The purpose of this study was to investigate the safety and dynamic
response of a novel, passive, IVC sensor with remote monitoring
capability in a chronic ovine model.

The FIRE1 system
The FIRE1 system includes an implanted sensor and an external
electronic system utilizing a radiofrequency antenna embedded in an
externally worn belt (Figure 1A) connected to a signal processing unit
that communicates with a cloud-based web application to store and
visualize the recorded IVC area data. The implantable sensor (Figure 1B)
is a crown-shaped implant that is deployed in the IVC between the
hepatic and renal veins. The passive sensor contains no battery and
is constructed using nitinol components providing a low radial force,
barbs to prevent migration, and gold wire connected to a capacitor
forming a resonant circuit. Communication between sensor and exter-
nally worn belt is wireless (Figure 1C). As the sensor flexes during
the respiratory and cardiac cycles, the inductance of the resonant cir-
cuit changes and thus, the resonant frequency changes (Figure 1D).
Two example spectra are shown for a larger and a smaller IVC in
Figure 1E. Upon analysis, the results provide a measurement of the
internal cross-sectional area of the IVC. An example area trace exhibit-
ing slow modulation with respiration and fast modulation with car-
diac heartbeat is shown in Figure 1F. Data summarizing ex vivo and
acute and chronic in vivo testing of the accuracy with which this
system measures cross-sectional area is provided in online supple-
mentary materials and Figure Appendix S1. In brief, the system was
shown to be accurate in reference to area measured using intravascu-
lar ultrasound (IVUS) to 13± 41 mm2 (mean± 95% confidence inter-
val).

In vivo study
An in vivo study was performed in a total of 20 sheep divided into three
groups that were studied in acute and chronic settings. Experiments
were conducted at Institute Mutualiste Montsouris (IMM Recherche,
Institut Mutualiste Montsouris-42, Paris, France) and the experimen-
tal protocol was approved by the IMM Recherche Institutional Study
Animal Care and Use Committee before study initiation. All ani-
mals received humane care in compliance with the Guide for the
Care and Use of Laboratory Animals. Animals were pre-medicated
using midazolam and morphine. Anaesthesia was induced using sodium
thiopental and was maintained using isoflurane delivered through endo-
tracheal intubation and mechanical ventilation. Anticoagulation treat-
ment consisted of enoxaparin subcutaneously twice a day until day 30
post-implantation and aspirin once a day until sacrifice. This antico-
agulation treatment regimen simulated the 1-month dual anti-platelet
therapy to be administered to patients in future clinical trials. Venous ..
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.. and arterial access were obtained by vascular cut down or percu-
taneous approach via catheters placed in the iliac vein, iliac artery,
carotid artery and jugular vein. IVC area was measured using the FIRE1

implantable sensor which was placed in the IVC using fluoroscopy and
IVUS via femoral venous access using an introducer sheath (Cook Med-
ical, Bloomington, IN, USA).

Sensor safety and performance (Group I and II)

A total of 14 sheep were studied, seven of which were survived for
90 days (Group I) and seven which were survived for 180 days (Group
II) (see study design in online supplementary Figure S2). In each of
these two groups, six animals received a FIRE1 implant and one ani-
mal received an implant of a control device (Cordis Trapease® Per-
manent Vena Cava filter [466-P306B]). Procedural success and FIRE1

sensor signal were assessed at the conclusion of the implant pro-
cedure (designated study day 0). Signal, sensor fracture, vessel per-
foration and sensor migration were also assessed in all study ani-
mals at the intermediate follow-up assessments at days 30 and 90 via
X-ray, angiography (full power contrast injection) and use of the FIRE1

external system. The long-term performance of the FIRE1 system
was assessed at day 180 angiographically, with IVUS (iLabTM system
with Ultra-ICE Plus catheter, Boston Scientific, MA, USA) and with
the FIRE1 system signal recording. Sensor signal was also monitored
at day 180 to demonstrate whether the sensor signal was affected
by incorporation into the vessel wall during long-term follow-up. At
necropsy, the IVC was excised in situ and internal videoscopy was per-
formed along with high resolution X-ray (Faxitron®) analysis for frac-
tures and mineralization evaluation. Local and systemic toxicity as per
international engineering standards (ISO10993-6 and ISO10993-11,
respectively), were assessed during follow-up (clinical observations and
clinical pathology) and at necropsy through macroscopic evaluation of
organs and histopathology. Histology was performed on all Group I
and Group II animals. Standard samples from the organs and from
macroscopic findings were embedded in paraffin following standard
processing methods.

Volume challenge (Group III)

This protocol included six animals, each implanted with a FIRE1 sen-
sor which underwent repeated volume challenges at day 0, before and
after deployment, as well as on days 60 and 120. Pressures were mon-
itored by Millar Mikro-Cath™ pressure catheters (Millar, 825-0101,
Houston, TX, USA) in the right atrium and recorded using Powerlab
(AD Instruments, Colorado Springs, CO, USA). Each animal under-
went initial venesection to obtain an initial starting right atrial pressure
(RAP) of ∼2 mmHg. All extracted blood was stored in standard cit-
rate phosphate dextrose adenine blood collection bags to ensure the
blood remained stable for re-infusion. After an approximate 30 min
period of equilibration allowing plasma refill, the extracted blood was
injected in boluses of 50 ml with 2 min of equilibration after each bolus.
Once the extracted blood was reinfused, volume infusion was contin-
ued using saline solution until a target RAP of 15 mmHg or clinical
instability (e.g. progressive hypoxia) occurred. IVC area measured by
the implanted sensor and RAP were monitored throughout the infusion
period.

Statistical analysis
Continuous variables were summarized as mean± standard deviation
according to the observed distribution.

© 2023 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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A B D

C

F

E

Figure 1 The inferior vena cava (IVC) area recording sensor and system used for this study comprising of (A) an electronic system
incorporated in belt antenna, and (B) an implantable sensor. (C) General concept of magnetic field coupling utilized for belt antenna to
charge sensor via a brief pulse of 10 μs length (red trace) and for sensor to couple into belt antenna during receive period resulting in
free induction decay recording (blue trace) – encoding IVC area information in the signal’s resonance features. (D) Sensor concept of the
electromagnetic resonance based sensor, model linking the sensor’s resonance frequency and the actual sensor area as measured in tubes of
known cross-sectional area. (E) Two example frequency spectra of a large and a small IVC. (F) trace composed of 1100 area values as a function
of time in seconds – the area trace from which ultimately area max, mean and min as well as collapsibility index are extracted for further
trending purposes.

Area normalization for volume challenge (Group III)

For the volume challenge experiments, changes in IVC area and
RAP as a function of infused volume were compared. Given that
there was significant heterogeneity in the size of the IVC between
animals, normalization of the IVC area was necessary and was adopted
from most recent report.15 For this comparison, the area range
(Atotal,range) was first determined for each animal (considering all area ..

..
..

..
..

..
..

..
..

. measurements on day 0 and day 120 [Atotal,range] was computed as
the difference of the observed maximum area [Atotal,max], minus the
observed minimum area [Atotal,min]). For each trace the mean area
(Amean) was computed as (Amin + Amax)/2. Then, the normalized mean
area (Amean,norm) from a trace was calculated from Amean as a percentage
of the area range as follows: (Amean − Atotal,min)/Atotal, range ×100%. Mean
RAP and normalized area traces of 15 s lengths were averaged at each

© 2023 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 level for each of the six animals. Mean and standard error of the
mean values were computed from the six animals and were reported
for every 100 ml of infusion volume.

Testing sensitivity of normalized area and right atrial
pressure to infused volume (Group III)

It was hypothesized that changes of normalized area were more
sensitive to changes in volume status than RAP. Normalized areas
obtained at each level of infusion were compared to the starting,
control condition (i.e. at 0 ml infused volume). Data were analysed with
a repeated measures ANOVA with post hoc Dunnett’s tests to correct
for multiple comparisons to the control condition. A p-value<0.05 was
considered statistically significant. Processing and analysis of traces was
completed using MATLAB (Mathworks 2021a, Natick, MA, USA).

Results
Sensor safety and performance (Group I
and II)
Sensor deployment and follow-up

All implantation procedures were successfully executed, with the
sensors deployed in the target landing zone and in stable position at ..
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.. the end of the procedure (online supplementary material, deploy-

ment video [Video S1]). Post implantation, IVUS was repeated and
sensor lumen apposition was deemed excellent in all cases. Due
to the elliptical nature of the IVC, the mean IVC diameter was
determined from the average of the major and minor diameters at
its maximal size using IVUS. Mean IVC diameter for study I and II
was 17.7 mm (range 15.1–24.1 mm, n = 14) and 13.4 mm (range
10.2–16.6 mm, n = 6) for study III.

Freedom from sensor complications
No complications were observed in any of the animals. There
was no migration, fracture, IVC perforation, vessel damage, caval
thrombosis or caval occlusion noted at implant or at any follow-up
evaluations. No evidence of local or systemic toxicity and thrombo-
genicity related to the sensors was observed as assessed by gross
necropsy, macroscopic evaluation, histopathology assessment of
IVC and major organs, and regular clinical observations throughout
the study. The sensors were completely integrated with a thin,
endothelialized neointima (Figure 2A–C). No degradation of signal
performance was noted over the course of the study. Examples
for signal-to-noise ratio (SNR) as the performance endpoint for
one exemplary sheep at day 0, 30, and 90 are shown in online

A

B C D

Figure 2 Sensor displayed excellent inferior vena cava (IVC) apposition, integration and coverage at day 180 after implantation as evidenced
by (A) hematoxylin and eosin (H&E) stain using histology with inset faxitron/X-ray image of explanted sensor, (B) intravascular ultrasound, and
(C) videoscopy. Signal was well above signal-to-noise ratio (SNR) threshold at 10 dB (dashed line) and did not significantly vary in between
observation days as evidenced by (D) SNR measured at various time points after implantation.

© 2023 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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supplementary Figure S3. The mean and standard deviation of SNR
as a function of time after implantation is presented in Figure 2D.

Volume challenge (Group III)
Inferior vena cava responses to volume challenges in the acute
and chronic settings were measured in all six animals included
in this study. Implant of the IVC sensor within the pre-specified
landing zone was successful in all animals without complication.
No migrations, fractures or thrombus were observed. The volume
experiment was completed in all six animals at all four observation
points (before and after deployment on days 0, and again at days 60
and 120). Figure 3 shows IVUS images of the landing zone before
deployment and 120 days after implantation, both at baseline infu-
sion point during hypovolaemia and at the maximum infusion point
during hypervolaemia. At baseline after fluid removal, the IVC pre-
sented characteristically an elliptical shape. This collapsed shape
was observed acutely before deployment as well as chronically with
sensor on day 120. Furthermore, at 120 days all sensors were well
incorporated with neointima without struts inside the lumen, yet
retaining the ability of the sensors to follow physiological IVC geo-
metric changes from elliptical to circular with volume infusion and
throughout the respiratory cycle. Comparing the area in the hyper-
volaemic state with maximum size achieved before deployment
and that observed after 120 days confirmed excellent qualitative
concordance.

Figure 4 shows pressure and sensor area traces as a function of
infused volume as a function of bolus injection time at day 120 from ..
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.. a representative Group III animal. In the low-pressure range below
6 mmHg and for infusion volumes below 1000 ml, large changes of
IVC area occurred with relatively small changes of RAP. Once RAP
reached ∼6 mmHg small increases of volume infusion resulted in
noticeable increases of pressure as expected. Collapsibility index
decreased as volume infusion increased while there was relatively
little change in the amplitude of the RAP tracing.

Figure 5 shows the averaged results from the six animals studied
on day 0 and day 120. There were no observed significant differ-
ences for mean normalized area between day 0 and day 120 at
similar volume states of 700 ml volume infused (55± 17% on day
0 vs. 62±12% on day 120, p = 0.51) confirming that neointima
formation did not significantly affect the dynamic behaviour of the
IVC with the chronically implanted sensor.

Comparing observations at various infusion points at day 0
showed that, compared to baseline, normalized area increased
by a statistically significant amount after 200 ml infusion: from
9 ± 6% at 0 ml infused to 28± 7% at 200 ml infused (p = 0.03).
In contrast, RAP did not increase significantly despite infusion of
700 ml (maximum infusion volume on day 0): from 2.2 ± 2.5 mmHg
at baseline to 4.2 ± 4 mmHg with 700 ml infused (p = 0.77).
The greater sensitivity of normalized area to volume infusions
compared to RAP was confirmed at day 120: normalized area
increased from 25± 17% at baseline to 43± 11% with 300 ml
infused (p = 0.007) while there was no significant change in RAP
(from 3.1 ± 2.6 mmHg at baseline to 3.4 ± 1.6 mmHg at 300 ml
infused, p = 1.0). A large infusion of volume was required on
day 120 to achieve significant change in RAP, increasing from

A

B

Figure 3 Intravascular ultrasound data showing native vessel before deployment in landing zone of sensor on day 0 (A) and after deployment
during chronic day 120 observation (B) at the extreme intravascular volume status of maximally removed volume (Baseline) and at maximally
filled volume (Hyper). Note excellent qualitative modulation with infused volume with and without sensor.

© 2023 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.



IVC sensor for chronic monitoring 7

Figure 4 Trace data of right atrial pressure (RAP), area, and volume infused as a function of infusion time for one animal (animal 5) at chronic
day 120. Collapsibility index reduced and area increased visibly with only 300 ml infused (at 10 min) with little increase in RAP.

3.1 ± 2.6 mmHg at baseline to 7.5 ± 2.0 mmHg at 1200 ml infused
(p = 0.02). At 1200 ml infusion, normalized area increased from
25±17% at baseline to 75± 7% (p < 0.0001). Note that the
averaged RAP and normalized area data followed comparable
trajectories when day 0 was compared to day 120.

Figure 6 further shows RAP as a function of normalized IVC
area for the group averaged results, providing an index of IVC
compliance. As expected, RAP varied relatively little in the range
from 0 mmHg up to 6 mmHg while IVC normalized area ranged
from 0% to 70% of its maximum possible size. The compliance,
computed as a change of normalized area per change of pressure,
averaged 12%/mmHg in the low-to-normal pressure range of 0 to
6 mmHg. Compliance decreased to 4%/mmHg for pressures above
6 mmHg. ..
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.. Discussion
This study has demonstrated the safety and performance of the
novel implantable remote monitoring device, that is, the FIRE1

sensor. The primary observations of this study were: (i) the
FIRE1 sensor is a passive device which has shown to provide
an accurate and precise measurement of cross-sectional area of
the IVC over several months of follow-up; (ii) this sensor can
be reliably and safely deployed in the IVC providing real-time
information of IVC size during provocative manoeuvres in acute
and chronic settings; (iii) increases in IVC area have been shown
to be significantly more sensitive to volume loading than RAP,
suggesting that intravascular volume expansion may be detected
at an earlier stage of fluid accumulation using this approach.

© 2023 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 5 Day 0 (left) and day 120 (right) showing mean right atrial pressure (RAP) and normalized mean area of the inferior vena cava as a
function of infused volume and averaged across six animals per data point. Error bars indicate standard error of the mean. Faint bar above in
blue for normalized area of the inferior vena cava and in grey for RAP start at infusion level that was returned as significantly different (p < 0.05,
repeated measures ANOVA with post hoc Dunnett’s test) compared to measurements taken at 0 ml. Fluid infusion was stopped after 700 ml
on day 0 to ensure survival and recovery of the chronic animals.

Figure 6 Mean right atrial pressure (RAP) as a function of mean
normalized area graph for six sheep showing day 0 (open circles)
and day 120 (filled squares) as fluid was infused from baseline
shown here in steps of 100 ml between consecutive samples
shown. Note the strong overlap of the two curves for comparable
volumes. Further note the expected non-linear compliance curve
with large changes of inferior vena cava area in low pressure zones
(up to 6 mmHg) and more connected changes in RAP and inferior
vena cava area thereafter. Error bars indicate standard error of the
mean.

This may have significant clinical implications enabling the earlier
detection of hypervolaemia in comparison to pressure sensors
to facilitate early clinical action and beneficial clinical impact on
the trajectory of HF patients; and (iv) implantation of the sensor ..
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.. within the IVC and its integration through endothelialization has
been demonstrated to have had no detrimental impact on the
long-term sensor performance in response to fluid accumulation.
The sensors responded equally well to volume infusion at acute
and chronic observations, demonstrating the sensor’s ability to
detect volume accumulation consistently and reliably (Graphical
Abstract).

The finding that IVC area was more sensitive in detecting vol-
ume changes than pressure-based metrics was expected based on
both prior studies using transthoracic ultrasound16 and established
physiologic principles.17 The venous system is comprised of the
most compliant vessels in the body (∼30 times that of the arter-
ies) and >70% of total blood volume resides in the venous com-
partment.18,19 This large compliance and capacitance permits large
changes in blood volume to be accommodated by large changes in
vessel diameter with comparatively small changes in intravascular
pressure. Furthermore, the venous system regulates preload via
changes of its vascular compliance.20 Pressure sensors only cap-
ture one variable that can link to high volume, yet filling pressure
can also be elevated in cases with increased compliance and nor-
mal volume. 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 haemo-
dynamic response to fluid challenge.19,21–30 Additionally, the cur-
rent findings are consistent with a recent study showing greater
sensitivity of area measurements compared to pressure measure-
ments in acute tests in which volume and vascular tone were
manipulated.15

The total blood volume of the sheep used in this experiment
is estimated to be approximately 4 L. Thus, infusing 300 ml of

© 2023 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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blood represents a meaningful relative expansion of blood vol-
ume. However, this only translated into ∼0.5 mmHg change in
RAP 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
filling pressure.

The clinical implications of the current study are that chronic
monitoring of an IVC area sensor may provide independent, incre-
mental and/or additive information to pressure-based sensors. This
may facilitate earlier intervention in HF patients before signs and
symptoms arise or pressure-based monitoring indicate a signifi-
cant change. Early intervention based on remote monitoring has
been clearly demonstrated to reliably detect HF decompensation
up to 30 days prior to an acute event. Volume-based area changes
using the FIRE1 system may lead to significantly earlier detection
in comparison to current pressure/device-based systems. These
observations justify testing of chronic IVC remote monitoring in
HF patients. Accordingly, 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

sensor in stable HF patients.
Several limitations of the present study should be noted. The

present investigations were designed to provide proof of concept
that the IVC area reproducibly responds to volume challenges in
acute and chronic conditions. They were conducted using healthy
sheep with experimental manipulation of intravascular volume.
In healthy models, higher preload is generally accompanied with
higher cardiac output, and possibly less effect on pressure as com-
pared to an animal model of HF. As such, findings of this study
cannot be directly extrapolated to humans and particularly humans
with HF. The volume loading experiment was designed to evaluate
the pressure–IVC relationships starting at a low normal RAP to an
elevated RAP, and the reported observations apply within this con-
struct. However, given the non-linearity of the IVC pressure–area
relationship and the effect of mechanical ventilation and anaesthe-
sia on filling pressures, the absolute volume status of the animal
was unknown and likely varied somewhat between animals. Fur-
thermore, RAP values did not exceed 20 mmHg. 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 in the setting of human HF.

In conclusion, the present studies show that a wireless, pas-
sive radiofrequency-based sensor can be safely deployed in the
IVC, allowing for remote assessment of IVC area in real time
chronically. The IVC area was more sensitive to experimental
volume infusion (acutely and chronically) compared with changes
in RAP, with greater dynamic changes in the operating range of
normal-to-moderately high venous pressures. These data suggest
that chronic remote home monitoring using IVC-implanted devices
may represent a valuable strategy 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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