
����������
�������

Citation: Albani, S.; Mesin, L.; Roatta,

S.; De Luca, A.; Giannoni, A.; Stolfo,

D.; Biava, L.; Bonino, C.; Contu, L.;

Pelloni, E.; et al. Inferior Vena Cava

Edge Tracking Echocardiography: A

Promising Tool with Applications in

Multiple Clinical Settings. Diagnostics

2022, 12, 427. https://doi.org/

10.3390/diagnostics12020427

Academic Editor: Andor W.J.M.

Glaudemans

Received: 29 November 2021

Accepted: 29 January 2022

Published: 7 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

diagnostics

Review

Inferior Vena Cava Edge Tracking Echocardiography: A
Promising Tool with Applications in Multiple Clinical Settings

Stefano Albani 1,2,*, Luca Mesin 3 , Silvestro Roatta 4 , Antonio De Luca 2 , Alberto Giannoni 5,6,

Davide Stolfo 2, Lorenza Biava 1, Caterina Bonino 1, Laura Contu 1, Elisa Pelloni 1, Emilio Attena 7 ,

Vincenzo Russo 7 , Francesco Antonini-Canterin 8, Nicola Riccardo Pugliese 9 , Guglielmo Gallone 10,

Gaetano Maria De Ferrari 10, Gianfranco Sinagra 2 and Paolo Scacciatella 1

1 Division of Cardiology, Umberto Parini Regional Hospital, 11100 Aosta, Italy; lbiava@ausl.vda.it (L.B.);
cbonino@ausl.vda.it (C.B.); lcontu@ausl.vda.it (L.C.); epelloni@ausl.vda.it (E.P.);
pscacciatella@ausl.vda.it (P.S.)

2 Cardio-Thoraco-Vascular Department, Division of Cardiology and Postgraduate School in Cardiovascular
Sciences, University of Trieste, 34127 Trieste, Italy; deluca.antonio.md@gmail.com (A.D.L.);
davide.stolfo@gmail.com (D.S.); gianfranco.sinagra@asugi.sanita.fvg.it (G.S.)

3 Mathematical Biology & Physiology, Department of Electronics and Telecommunications,
Politecnico di Torino, 10129 Torino, Italy; luca.mesin@polito.it

4 Integrative Physiology Lab, Department of Neuroscience, University of Turin, 10125 Turin, Italy;
silvestro.roatta@unito.it

5 Scuola Superiore Sant’Anna, 56127 Pisa, Italy; a.giannoni@santannapisa.it
6 Fondazione Toscana G. Monasterio, 56124 Pisa, Italy
7 Department of Translational Medical Sciences, University of Campania Luigi Vanvitelli-Monaldi

Hospital—A.O.R.N. Dei Colli, 80131 Naples, Italy; emilioattena@hotmail.it (E.A.); v.p.russo@libero.it (V.R.)
8 Highly Specialized in Rehabilitation Hospital—ORAS S.p.A. of Motta di Livenza, 31045 Treviso, Italy;

Francesco.AntoniniCanterin@ospedalemotta.it
9 Department of Clinical and Experimental Medicine, University of Pisa, 56126 Pisa, Italy;

n.r.pugliese88@gmail.com
10 Division of Cardiology, Città della Salute e della Scienza, University of Turin, 10124 Turin, Italy;

guglielmo.gallone@gmail.com (G.G.); gaetanomaria.deferrari@unito.it (G.M.D.F.)
* Correspondence: albani.aosta@gmail.com; Tel.: +39-3285999910

Abstract: Ultrasound (US)-based measurements of the inferior vena cava (IVC) diameter are widely

used to estimate right atrial pressure (RAP) in a variety of clinical settings. However, the correlation

with invasively measured RAP along with the reproducibility of US-based IVC measurements is

modest at best. In the present manuscript, we discuss the limitations of the current technique to

estimate RAP through IVC US assessment and present a new promising tool developed by our

research group, the automated IVC edge-to-edge tracking system, which has the potential to improve

RAP assessment by transforming the current categorical classification (low, normal, high RAP) in

a continuous and precise RAP estimation technique. Finally, we critically evaluate all the clinical

settings in which this new tool could improve current practice.

Keywords: inferior vena cava; right atrial pressure; caval index; heart failure; pulmonary hyperten-

sion; edge tracking

1. Introduction

An elevated right atrial pressure (RAP) predicts a poor outcome in patients with
heart failure (HF) [1], and it is an important target to optimize diuretic and venodilator
treatments in this setting. Therefore, precise RAP estimation has important clinical and
therapeutical implications. The inspiratory collapse of the inferior vena cava (IVC) and
the measurement of its diameters during the respiratory cycle are widely used in clinical
practice for RAP estimation [2], but the correlation between RAP assessed invasively and
by echocardiography, and the reproducibility of IVC assessment by ultrasound (US), are no
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more than modest [3–7]. Specifically, the current technique provides fair accuracy when
estimating low or high RA pressures, but it remains inaccurate to estimate intermediate
values that encompass most patients across a range of clinical conditions [4] (Table 1).
Moreover, the dichotomic output of IVC-based estimates (i.e., low or high RAP) fails to
represent the continuous range of RAP values that may entail important therapeutic and
prognostic implications. In this manuscript, we describe solutions that might improve the
reliability and reproducibility of IVC assessment by echocardiography to correctly assess
RAP values.

Table 1. Main studies available with ROC curve evaluation of IVC related indexes (IVC: Inferior Vena
Cava; RAP: Right Atrial Pressure).

Author
Number of
Patients in
the Study

Number of Patients
Meeting the

Proposed Criteria
Parameter To Predict Cut Off Sensitivity Specificity

Kircher 1990 [3] 83 47
IVC inspiratory (With

“sniff” maneuver)
RAP > 10

mmHg
<50% 87% 82%

Brennan 2007 [4] 102 46
IVC expiratory

diameter
RAP > 10

mmHg
>20 mm 73% 85%

Brennan 2007 [4] 102 46
IVC inspiratory (With

“sniff” maneuver)
RAP < 10 mm <12 mm 91% 94%

Moreno 1984 [5] 175 65 IVC Caval Index RAP < 7 mm >40% 91% 90%

Vourvouri 2003 [6] 88 20
IVC inspiratory (With

“sniff” maneuver)
RAP > 10

mmHg
<50% 87% 100%

2. Physiological Dynamic Changes in IVC Size

Due to its high compliance, IVC promptly changes its size in response to changes
in transmural pressure. In particular, changes in IVC transmural pressure are regularly
produced by respiratory activity: during spontaneous breathing, IVC size decreases in
the inspiratory phase due to decreased intrathoracic pressure, which favors blood flow
to the thorax and increased abdominal pressure, as compared to expiration [8]. Con-
versely, increased IVC size during inspiration is observed in ventilated patients due to
the opposite-sign pressure changes taking place in the thorax [8]. Importantly, any ma-
neuver or pathological condition that alters blood pressure and volume in the abdominal
compartment will not only affect the IVC size but also the magnitude of size changes
(e.g., respiratory oscillations), since vessel compliance decreases with size. On this basis,
the alteration of RAP and volemic status are often evidenced by quantification of phasic
changes in vessel size by means of pulsatility indices (e.g., caval index, collapsibility index,
distensibility index, used as synonyms) generally calculated as the ratio Dmax−Dmin

Dmax , Dmax,
and Dmin being the maximum and minimum diameter observed in a respiratory cycle,
respectively. However, the clinical reliability of these indices is still debated [9–11].

In this respect, two recent findings will be emphasized. First of all, here, we intendedly
refer to IVC size rather than diameter, since the latter is inadequate to describe the IVC,
often exhibiting a non-circular cross-section and anisotropic deformation during both
spontaneous breathing and fluid challenges [12–15]. Although the standard M-mode
ultrasound approach necessarily generates a mono-dimensional monitoring of IVC size,
automated methodologies now offer the possibility to account for changes in the full
cross-sectional area while still expressing the results in terms of “equivalent diameter” and
adopting the same pulsatility indices [14,15].

A second issue concerns the nature of physiological oscillations in IVC size. It was
recently pointed out that a pulsatility of cardiac origin superimposes on the previously
mentioned respiratory oscillations [14,16–19]. In fact, the pulsatility that characterizes RAP
is transmitted backwards to the venous compartment and can be observed non-invasively
in major veins (e.g., the superior and inferior vena cava, the internal jugular vein, the hepatic
vein) with different imaging modalities, including US [20], Doppler US [21], and, more
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recently, photoplethysmography [22] and magnetic resonance [23]. The cardiac contribution
to the pulsatility of IVC size (i.e., the variation in IVC diameter during a cardiac cycle)
has been generally ignored or neglected due to the difficulty of discriminating cardiac
and respiratory components with traditional techniques. However, in our preliminary
investigations in healthy subjects and patients, we observed that filtering out the cardiac
component reduces the caval index (CI) by 40–50% [15,24]. Exclusively considering the
cardiac pulsatility, by means of the cardiac caval index, has been suggested to address a
major limitation of the CI: its high temporal variability, which is derived from the intrinsic
variability of spontaneous respiration [17,19]. In a recent study, we pointed out that even the
isolated cardiac pulsatility of IVC maintains a residual modulation of respiratory nature, as
can be noticed in the first tracing of Figure 1, and that further filtering-out this modulation
significantly improves intra-subject reliability during long-duration IVC monitoring [25].

Figure 1. Recordings from a healthy subject: from top to bottom, cardiac component of IVC pulsatility
(Dc-IVC), respiratory component (Dr-IVC), unfiltered IVC pulsatility (D-IVC), arterial blood pressure
(ABP), respiratory movements (Resp), long axis IVC imaging was processed according to Mesin et al.,
2019 [24].

In addition, the cardiac pulsatile component may carry different and complementary
information to the respiratory one [16]. It is interesting to observe that its magnitude is
highly variable among different subjects and exhibits little intra- and inter-subject corre-
lation with the magnitude of the respiratory component [19,23,25]. Indeed, IVC cardiac
pulsatility was shown to improve patient classification with respect to volume status [15]
and RAP [26]. For these reasons, assessment of this new index is promising and deserves
further investigation to assess its usefulness in the clinical routine.

3. Critical Issues in RAP Assessment Using IVC

The literature and guidelines report a lack of standardization of the measurement
of IVC site, ranging from 5 to 30 mm from the right atrial junction and, in most studies,
there is no agreement on which site is the most reliable [3,27]. The identification of a
reference point to guide the measurement is another critical aspect [28]. Indeed, a recent
study showed that IVC has large variations in pulsatility along the longitudinal axis,
suggesting that it is better to average across an entire portion of the vessel instead of
focusing on a single section [24]. According to some authors, the junction between the
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IVC and right atrium is characterized by lower compliance compared to a more distal site
of the IVC [3]. This could have clinical implications: an IVC measurement at the distal
part could provide different information compared to a more proximal analysis. Moreover,
M-Mode measurements may be inaccurate in this setting due to the difficulties in proper
alignment perpendicularly to the vessel [3]. In addition, the use of the “sniff” maneuver to
estimate the inspiratory collapse is questionable. Indeed, the inspiratory “sniff” is poorly
objectifiable, resulting in a low reliability, depending on the patient features [29]. Other
authors have highlighted how, during the act of breathing, the IVC moves in the cranio-
caudal and latero-lateral directions [12]. Such displacements could be able to influence the
reproducibility and reliability of the measurement [19,30]. Moreover, the type of breathing
ranges from superficial to deep and requires efforts from diaphragmatic to thoracic [18],
and this aspect could certainly play a role in RAP assessment through IVC diameters [29].
Finally, one group has even discouraged the use of the IVC with the purpose of estimating
and stratifying RAP in various ranges of values due to the high inaccuracy reported in a
sample of 200 patients undergoing right heart catheterization (RHC) [31]. Finally, even
in the field of intensive care unit, in mechanically ventilated patients, the US assessment
of the IVC has shown several limitations about its clinical usefulness [11]. In conclusion,
current techniques on RAP assessment using IVC diameters have several limitations, and
new tools are needed.

4. Standardization of RAP Measurement

An option to standardize the measurement of the IVC and to make the estimation of
RAP more accurate and reproducible could be the use of a software able to automatically
highlight the edges of the vessel, i.e., an “edge-tracking” technique [19]. Both the long
and short axis view have been investigated by our research group [14,24]. While different
methods have been presented in the literature (long axis [17], short axis [16,32,33], the
current dissertation is limited to those techniques more efficient in terms of computational
costs (that could thus be promptly implemented in clinical practice) and with stable data
processing [14,32]. Several potential advantages may be present with our suggested meth-
ods. First, they compensate for the movements of the IVC by investigating the displacement
directions of the vein during its movements. In fact, different collapsibility is shown by
IVC in different directions [14,19,24] due to local variations of compliance, which are also
influenced by external tissues. Second, an entire portion of the IVC is considered (either in
the axial direction or in the cross-section, for the long and short axis views, respectively).
Indeed, while possible noise or artifacts could invalidate the estimations in specific frames
and directions, averaging information across a portion of the IVC could better reflect its
behavior and stabilize the extracted information. This way, the diameter of each site could
be measured to accurately detect even slight variations in the caliber of the vein (Figure 2).

This information was used to automatically provide an estimation of RAP during the
resting breath to avoid “breathing bias” [29,30]. Specifically, the estimated IVC diameter
was post-processed evaluating the physiological oscillatory components of the IVC induced
both by the cardiac and the respiratory cycles (Figure 3, panel A and B) [29]. Currently, this
method has been clinically tested in 49 patients undergoing RHC for clinical reasons [26,29].

Several models built on CI, the pulsatility indicators reflecting either respiratory or
cardiac stimulation and the mean diameter of the IVC, together with anthropometric data
were tested against invasively measured RAP. The best model showed high agreement to
estimate RAP as a continuous variable (mean error 3.6 ± 2.6 mm Hg) [26]. Then, a binary
tree model was developed to classify RAP according to different range of values [29]. This
model estimated invasive RAP with high accuracy (R2 = 0.61) and proved superior to
standard US IVC-based methods [29].
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Figure 2. Critical issues on RAP estimation by using IVC diameters. Top left: different breathing man-
ners studied with US M-mode of the diaphragm. Top right: different proposed sites of measurement
of the IVC. Bottom left: effect of the vein movement on the IVC diameter measurement showing
foreshortening of the vein due to the respiratory cycle (A: latero-lateral displacement, B: cranio-
caudal displacement) [12]. Bottom right: causes of unreliability of the IVC in RAP estimation [2].
Center: the proposed new IVC edge-to-edge tracking technique (adapted from Blehar et al. [12] and
Wallace et al. [27]).

The integration of our semiautomated method with the three-dimensional ultrasound
probe, with the x-plane technique made available through three-dimensional US probes
may further refine RAP estimation (Figure 3 panel D) [34]. Indeed, as shown in Figure 3
panel C, the direction of the collapsing walls of the IVC could happen in different planes
rather than only the ante-posterior one. The relevance of this aspect was recently demon-
strated by our group [14]. While standard 3D US IVC full volume-based RAP assessment
was recently demonstrated to have high accuracy by Huguet et al. [35], our new semiau-
tomated tool may provide a user-friendly tool to be used also by non-expert operators of
cardiac imaging laboratories. Indeed, our tool may provide non-experienced operators,
who have to assess the volume status of the patients, with a quick, easy to use, reliable
diagnostic technique to be used across a variety of clinical settings (Figure 4), even in the
contexts in which a multi-parameter assessment could be challenging and not functional.
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Figure 3. Panel (A): IVC tracking technique: the software is able to identify the vessel (IVC long axis
view) (top) of interest and perform the edge tracking of five fixed points along both edges of the
vessel (bottom). Panel (B): the results of the edge tracking techniques are shown: respiratory (top)
and cardiac (bottom) components are represented. (Bold line graphic on top: respiratory component
of the IVC diameter variation (mm). Bold line graphic at the bottom: cardiac component of the
IVC diameter variation (mm). Non-bold line in both graphics: IVC diameter variation during two
breaths). Panel (C): a US IVC scan in short axis view is shown; red arrows indicate the direction of
the collapsibility of the vessel walls that is not directed in an antero-posterior way, rather the main
direction is medio-lateral. Panel (D) shows a possible solution to perform a more reliable IVC study:
the use of the three-dimensional x-plane echocardiography, to gain the possibility to evaluate in
real-time both long and short axis views (adapted from Mesin et al. [8]).

Figure 4. Our edge tracking technique could be applied in multiple clinical settings (see the text for

further explanations).
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5. RAP as a Marker of Congestion: Current Advanced Technique of Congestion
Assessment and Prognostic Implications

In ambulatory patients with HF, the estimation of RAP by echocardiography is a
powerful prognostic index of early hospitalization or death [1]. A distended IVC is highly
prevalent in patients with few signs or symptoms of HF and identifies those at greater
risk [36].

The assessment of congestion is a critical aspect in HF management. Indeed, patients
admitted for HF worsening with residual congestion at discharge presented higher risk of
mortality and readmission [37–39]. The clinical evaluation alone has low accuracy to detect
congestion [26], and several clinical, laboratoristic, and imaging parameters are suggested
as decongestion targets with the aim to improve a patient’s outcomes [40].

The IVC is one of the most studied echocardiographic parameters in this field [41], and
its expiratory diameter is strictly related with NTproBNP, which has the prognostic ability
to predict all-cause mortality at 1 year [42]. Moreover, a recent study has shown that the
end expiratory IVC diameter has relevant predictive ability independent from other well-
known prognostic markers in HF, including NTproBNP itself [36]. These findings suggest
that the IVC expiratory diameter and NTproBNP could play a complementary role in
prognostic HF stratification both in the preserved and reduced ejection fraction settings [42].
There are ongoing trials investigating if a US IVC guided decongestion strategy could offer
prognostic advantages over current standard of care [43]. We speculate that our algorithm
may improve IVC-guided decongestion strategies by providing a more accurate method
to detect subtle changes in RAP intra-patient variations thanks to its ability to detect even
small collapsibility variations of the vessel during resting respiration. Several advantages of
this new “echocardiographic marker” of congestion may be hypothesized to guide clinical
management across a range of medical settings (Figure 5).

Figure 5. Main advantages that could be provided by an extensive use of US IVC edge tracking
echocardiography (see text for further explanations).

(1) Availability: The IVC measurement only needs a US machine with sector/convex
probes that are available in many clinical settings, both in and out of the hospital,
even in low resources settings [44]. Indeed, IVC edge tracking echocardiography is a
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low-cost solution that only needs the acquisition of a new software to be ready for
clinical use.

(2) Practicality: The IVC assessment could be performed easily by an operator with
limited US experience and with a hand-held US machine [45,46]. No adjunctive or
specific training is required.

(3) Adoption by non-physicians users: Trained nurses may successfully use US for IVC
assessment [47]. Thus, IVC edge tracking echocardiography may be easily managed
by nurses, giving them more autonomy and personal skills. This aspect could have a
foreseeable impact on resource optimization and it could contribute to fight against
nurses’ widespread job dissatisfaction [48].

(4) Autonomy: The physician that works in an outpatient chronic HF clinic approaches
the patients with different management models across different countries [49]. Indeed,
the assessment of cardiac biomarkers of congestions may not always be readily
available to guide HF management [50]. Conversely, the edge tracking technique for
IVC diameter assessment could be quickly performed by the physician himself during
the ambulatory evaluation or by trained nurses, as mentioned above, independently
from other services (such as the laboratory department for the biomarker dosage).

6. RAP in Advanced Heart Failure and Pulmonary Hypertension

In the setting of advanced HF, RAP may reflect right ventricular function. Thus, a pre-
cise RAP estimation may be of importance to evaluate right ventricular function, especially
in candidates for a left ventricular assist device (L-VAD). The Right Ventricle Stroke Work
Index (RVSWI) is a hemodynamic index that has been shown to be a reliable parameter
in the selection of these patients [51]. However, this index is only available after RHC.
Some authors tried to convert the information from the RVSWI with an echocardiographic
index, the Right Ventricle Contraction Pressure Index (RVCPI). However, a positive but
not optimal correlation emerged from their study, which is mainly due to poor reliability
in predicting RAP [52]. The same group proposed a new algorithm to predict RAP with
exceptional accuracy (r2: 0.70) [53], this index (estimated RAP, eRAP) consists of the mean
of the available values of RAP derived by the IVC assessment [3], the hepatic venous flow
pattern (hepatic venous systolic-to-diastolic wave ratio), and the hepatic venous systolic

filling fraction defined as systolic VTI
systolic VTI + diastolic VTI (ratio of systolic and diastolic hepatic

venous velocity–time integrals—VTIs) [54]. This study, as others [54], in fact proposed
the use of hepatic venous Doppler parameters as a cornerstone to correctly estimate RAP.
Indeed, in both studies, interobserver variability was performed by expert operators: in
the former, the authors did not specify in how many patients the index was calculated
by the second operator, whereas in the latter study, the reliability was calculated in only
10 patients [53,54]. Other studies showed only moderate reproducibility [55] of hepatic vein
Doppler to predict RAP, and recently, some authors failed to reproduce the proposed eRAP
index in a cohort of patients who underwent RHC. They conclude that the multiparametric
eRAP index does not provide an advantage over guidelines suggested for RAP assessment,
despite being more complex and time consuming [56]. In the field of advanced heart failure,
it is of paramount importance to stress that our tool is able to predict right heart chambers
congestion only, on the other hands, there are several echocardiographic techniques to
predict left ventricular end diastolic pressure, which is another important parameter to
know how to correctly manage such advanced patients [1].

Finally, RAP is an important treatment target in pulmonary arterial hypertension,
where elevated values are a proxy of a failing right ventricle heralding adverse progno-
sis [57,58]. A lot of prognostic markers have been studied in such patients; however, due to
a prevalence of pneumologists as clinical managers of such a disease, echocardiographic
parameters have been evaluated only in a few studies compared to other clinical vari-
ables [59–61]. Our new system could broaden the adoption of serial RAP assessment as a
prognostic marker and treatment target among patients with advanced HF and pulmonary
arterial hypertension [46], enhancing current RAP grading with its continuous nature.
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7. Usefulness of IVC Edge Tracking Technique at the Emergency Department

HF with reduced ejection fraction (HFrEF) is one of the most studied conditions in
cardiology, and many pharmacological and non-pharmacological treatments proved their
efficacy in this condition [62]. Nevertheless, many patients are admitted to cardiology
departments for the relapse of HF each year [63]. On the other hand, heart failure with
preserved ejection fraction (HFpEF), although as frequent as HFrEF [64], remains an unmet
need in the cardiology field in terms of treatment efficacy. Indeed, the recommended treat-
ment strategy of HFpEF involves blood pressure control, low salt diet, and the reduction
of the impact of cardiovascular risk factors, such as smoking, diabetes, dyslipidemia, and
obesity as the recommended treatment [65]. Diuretic therapy is the cornerstone of medical
management of such a condition; however, no studies have demonstrated their efficacy on
long-term outcomes [66]. Due to the lack of an efficient treatment, patients affected by this
condition are treated for their relapsing events at the Emergency Department and then in
Internal Medicine wards, with an important economic impact caused by their long hospital
stay and their frequent multiple admissions for HF relapse [67,68]. Therefore, the clinical
goals to treat this condition are to reduce the in-hospital stay and to avoid clinical relapse
of HF. The former condition was extensively studied using both biomarker-guided therapy
and US assessment, which demonstrated inconclusive results. Indeed, the systematic
use of biomarkers or the IVC assessment are not routinely recommended to treat these
patients [69–72].

In the latter situation, several studies were performed to follow these patients with
periodical nurse assessment, to tailor diuretic therapy using weight assessment or NT-
proBNP strategy, and even in this context, no recommendations were available due to the
weakness of results [73,74]. We speculate that our edge tracking technique could be able
to precisely assess the volume status of the patients affected by this condition and lead
the clinicians accurately in both settings. Specifically at the Emergency Department, our
tool could help the emergency physicians to optimize diuretic therapy providing objective
and reliable data to manage patients affected by heart failure in terms of dosage of diuretic
administration and diuretic response to treatment. All of this information could be used in
the decision-making process of the patient management ward admission vs. early discharge
vs. treatment in the emergency department observation unit.

On the other hand, in the out-patient ambulatory office, the general practitioner
(helped by community nurses) could follow patients affected by chronic heart failure him-
self with the theoretical possibility of avoiding some access to the emergency department
with a robust and reliable parameter to rely on.

8. IVC in Children with Nephrotic Syndrome

Generalized edema is one of the main causes of hospitalization of children with
nephrotic syndrome and, if not appropriately treated, may lead to death [75]. Indeed, there
is evidence that suggests that some of these patients developed congestive edema, and in
this case, diuretic therapy should be started [76]. The assessment of the IVC as a marker
of fluid overload has been investigated in many studies, which report conflicting results.
Some authors found positive correlation of the IVC Caval Index (IVCCI), which is defined
as IVC expiratory Diameter − IVC inspiratory Diameter

IVC expiratory Diameter , with the intravascular volume [77,78]. How-
ever, these studies included only small cohorts of patients, and the gold standard used was
not robust, conferring important weakness to the authors’ conclusions. On the other hand,
other authors found that IVCCI was not adequate to help in the identification of clinical
subgroups of patients affected by nephrotic syndrome [79]. Buyukavci et al. found that
IVCCI was not significantly different between hypovolemic and non-hypovolemic patients
classified using fractional sodium excretion rate [80]. Finally, another group documented
that bioimpedance measures may be superior to IVCCI in determining volume load in
children with nephrotic syndrome [81].

The sniff maneuver could not be performed to evaluate the collapsibility of the IVC in
children due to the lack of collaboration of the youngest [82] and the probable low reliability
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rate of the oldest that could be evaluated as adults [27]. We think that our edge tracking
technique could positively improve fluid assessment in children due to the lack of use of
the sniff maneuver. Moreover, US is a radiation-free technique that is wide available in the
majority of pediatric departments, without contraindications in the diagnostic evaluation
in children [83].

9. IVC Assessment in Patients Undergoing Dialysis

IVC assessment to identify patients with fluid overload before the dialysis session is
a validated technique to assess fluid overload [45,84,85]. However, fluid removal guided
by IVC US assessment to prevent post-dialysis hypotensive episodes reported conflicting
results, which was possibly due to the low accuracy of current IVC US assessment to predict
volemic status [45,86,87]. The proposed edge tracking technique may improve volemic
assessment in patients undergoing dialysis predicting the correct amount of volume deple-
tion prior to dialysis and allowing to monitor and adjust the dialysis parameters during
the treatment. Moreover, even in a nephrological setting, the feasibility and reliability
to perform the IVC US assessment by non-physicians was demonstrated with acceptable
interrater agreement [87].

10. Other Techniques for RAP Assessment

The rate of the US evaluation of the IVC is 80% in the majority of available stud-
ies [4,29,31]. In the residual 20% of patients, other indexes should be considered. In a study
with 200 patients, distension of the jugular vein at rest relative to the maximum diameter
during a Valsalva maneuver (JVD ratio), assessed by vascular US, identified patients with
heart failure who had higher plasma NTproBNP levels, right ventricular impairment, and
raised pulmonary artery pressure [88]. In another study of 243 patients, near-infrared
spectroscopy was used to estimate RAP, identifying ambulatory patients with chronic heart
failure who had more severe congestion and a worse outcome [89]. Both these techniques
are simple, easy to perform also in an outpatient setting, and even non-physician operators
could be specifically trained. However, these studies suffer from the absence of the invasive
gold standard, and also, the number of patients was relatively low compared to the large
number of studies on the IVC available in the literature.

11. Future Directions

The aim of our research group is to implement a clinical research program aiming at a
thorough characterization of the performance of the edge tracking technique across a range
of clinical conditions and healthcare settings [43,90]. Specifically, we are primarily planning
the validation of this technique in the acute HF setting to assess the relationship between
diuretic response and IVC collapsibility and in the hemodyalisis setting to evaluate the
relationship between fluid removal and IVC collapsibility. Finally, our ultimate target is
to train our algorithm in a wide and heterogenous cohort of patients affected by heart
failure/fluid overload who undergo RHC. We want to perform a prospective multicenter
study to build a stable, robust, and reliable algorithm applicable to all clinical settings.
Initially, we will evaluate its diagnostic accuracy and then, after an appropriate period of
follow up, we will see its prognostic impact dividing the multicenter cohort in two groups:
the first followed by repeated IVC edge tracking measurement and secondly the control
group. The primary end point will be admission/urgent visit for heart failure relapse: our
hope is to be able to reduce as much as possible this adverse event.

12. Conclusions

This paper discusses the premises and the scientific evidence that led us to think that a
more accurate and reproducible measurement of RAP is necessary in many clinical contexts.
A possible solution is represented by our automated “edge-tracking” system of the IVC [30],
which is able to analyze a tract of the vessel and estimate accurately the RAP [29] and by
other techniques when IVC US assessment is not available [89,90]. Further multicenter
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studies are planned to evaluate the feasibility and clinical reproducibility of this promising
method that could lead to the birth of a new prognostic parameter useful in many clinical
settings, especially in the field of heart failure.
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