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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 are
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, that 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 Hy-
pertension; 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 more than modest [3-7]. Specifically, the current technique provides fair accuracy
when estimating low or high RA pressures, but remains inaccurate to estimate interme-
diate values that encompass most patients across a range of clinical conditions [4] (Table
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1). Moreover, the dichotomic output of IVC-based estimates (i.e. low or high RAP) fails to
represent the continous 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).

Number of
Number of patients
Author  patients in meeting the Parameter To predict Cut off Sensitivity Specificity
the study proposed
criteria
. IVC inspiratory
Kircher 83 47 (With “snif” NOT 710 500 87% 82%
1990[3] mmHg
maneuver)
Brennan IVC expiratory RAP >10
102 4 2 73% %o
2007[4] 0 6 diameter  mmHg 20 ™M 3% 85
IVC inspiratory
Brennan 102 46 With “snift” 0 0 m 91% 94%
2007[4] mm
maneuver)
Moreno IVC CavalIn- RAP<7
175 65 >40% 91% 90%
1984[5] dex mm & & &
. IVC inspiratory
Vourvouri 88 20 With “snif” AP 7100 500, 87% 100%
2003[6] mmHg
maneuver)

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 pro-
duced 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]. Conversely, in-
creased IVC size during inspiration is observed in ventilated patients, due to the opposite-
sign pressure changes taking place in the thorax [8]. Importantly, any maneuver or patho-
logical 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, alteration of RAP
and volaemic 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,

Dmax—Dmin

", Dmax and Dumin being the
Dmax

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 intend-
edly 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-in-
vasively in major veins (e.g. the superior and inferior vena cava, the internal jugular vein,

used as synonyms) generally calculated as the ratio
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the hepatic vein) with different imaging modalities, including US [20], Doppler US [21]
and, more 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 car-
diac cycle) has been generally ignored or neglected, due to the difficulty of discriminating
cardiac and respiratory components with traditional techniques. However, in our prelim-
inary 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, derived from the intrinsic vari-
ability 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 modu-
lation significantly improves intra-subject reliability, during long-duration IVC monitor-
ing[25].
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Figure 1. Recordings from a healthy subject: from top to bottom, cardiac component of IVC pulsatility (Dc-IVC), respira-
tory 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
IVCssite, 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
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single section [24]. According to some authors, the junction between the IVC and right 114
atrium is characterized by lower compliance compared to a more distal site of the IVC [3]. 115
This could have clinical implications: an IVC measurement at the distal part could provide 116
different information compared to a more proximal analysis. Moreover, M-Mode meas- 117
urements may be inaccurate in this setting due to the difficulties in proper alignment per- 118
pendicularly to the vessel [3]. In addition, the use of the "sniff” maneuver to estimate the 119
inspiratory collapse is questionable. Indeed, the inspiratory “sniff” is poorly objectifiable, 120
resulting in a low reliability, depending on the patient features [29]. Other authors have 121
highlighted how, during the act of breathing, the IVC moves in the cranio-caudal and 122
latero-lateral directions [12]. Such displacements could be able to influence the reproduc- 123
ibility and reliability of the measurement [19,30]. Moreover, the type of breathing ranges 124
from superficial to deep, and requires efforts from diaphragmatic to thoracic [18], and this 125
aspect could certainly play a role in RAP assessment through IVC diameters [29]. Finally, 126
one group has even discouraged the use of the IVC with the purpose of estimating and 127
stratifying RAP in various ranges of values, due to the high inaccuracy reported in a sam- 128
ple of 200 patients undergoing right heart catheterization (RHC) [31]. Finally, even in the 129
field of intensive care unit, in mechanically ventilated patients, the US assessment of the 130
IVC as shown several limitations about its clinical usefulness [11]. In conclusion, current 131
techniques on RAP assessment using IVC diameters have several limitations and new 132
tools are needed. 133

4. Standardization of RAP measurement 134

An option to standardize the measurement of the IVC and to make the estimation of 135
RAP more accurate and reproducible could be the use of a software able to automatically 136
highlight the edges of the vessel, i.e. an “edge-tracking” technique [19]. Both the long and 137
short axis view have been investigated by our research group[14,32]. While different 138
methods have been presented in the literature (long axis [17], short axis [16,33,34]), the 139
current dissertation is limited to those techniques more efficient in terms of computational 140
costs (that could thus be promptly implemented in clinical practice) and with stable data 141
processing [14,32]. Several potential advantages may be present with our suggested meth- 142
ods. First, they compensate for the movements of the IVC, by investigating the displace- 143
ment directions of the vein during its movements. In fact, different collapsibility is shown 144
by IVC in different directions [14,19,32], due to local variations of compliance, also influ- 145
enced by external tissues. Second, an entire portion of the IVC is considered (either in axial =~ 146
direction or in cross-section, for the long and short axis views, respectively). Indeed, while = 147
possible noise or artifacts could invalidate the estimations in specific frames and direc- 148
tions, averaging information across a portion of the IVC could better reflect its behavior 149
and stabilize the extracted information. This way, the diameter of each site could be meas- 150
ured to accurately detect even slight variations in the caliber of the vein (Figure 2). 151
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Figure 2. Critical issues on RAP estimation by using IVC diameters. Top left: different breathing manners 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 [12]. Bottom
right: causes of unreliability of the IVC in RAP estimation [2]. Centre: the proposed new IVC edge-to-edge tracking tech-
nique (adapted from Blehar et al.[12] and Wallace et al.[27]).

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 in-
duced both by the cardiac and the respiratory cycles (Figure 3, panel A and B) [29]. Cur-
rently, this method has been clinically tested in 49 patients undergoing RHC for clinical
reasons [29] [35].
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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 5 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 per-
form 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.

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) [35]. A binary tree
model was then developed to classify RAP according to different range of values [29]. This
model estimated invasive RAP with high accuracy (R?=0.61) and proved superior to stand-
ard US IVC-based methods [29].

The integration of our semiautomated method with the three dimensional ultra-
sound probe, with the x-plane technique made available thorugh three dimensional US
probes may further refine RAP estimation (Figure 3 panel D) [36]. 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
demonstrated by our group [14]. While standard 3D US IVC full volume based RAP as-
sessment was recently demonstrated to have high accuracy by Huguet et al.[37], our new
semiautomated tool may provide a user friendly tool to be used also by non-expert oper-
ators of cardiac imaging laboratories. Indeed, our tool may provide non experienced op-
erators, 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 func-
tional.
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Figure 4. Our edge tracking technique could be applied in multiple clinical settings (see the text for further explanations).

5. RAP as a marker of congestion: current advanced technique of congestion assess-
ment 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 [38].

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 [39-41]. The clinical evaluation alone has low accuracy to
detect congestion [28] and several clinical, laboratoristic and imaging parameters are sug-
gested as decongestion targets with the aim to improve patient’s outcomes [42].

The IVC is one of the most studied echocardiographic parameters in this field [43]
and its expiratory diameter is strictly related with NTproBNP which has the prognostic
ability to predict all-cause mortality at 1 year [44]. Moreover, a recent study has shown
that end expiratory IVC diameter has relevant predictive ability independent from other
well-known prognostic markers in HF, including NTproBNP it-self [38]. These findings
suggest that IVC expiratory diameter and NTproBNP could play a complementary role in
prognostic HF stratification, both in the preserved and reduced ejection fraction set-
tings[44]. There are ongoing trials investigating if a US IVC guided decongestion strategy
could offer prognostic advantages over current standard of care [45]. We speculate that
our algorithm may improve IVC-guided decongestion strategies by providing a more ac-
curate 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. Sev-
eral advantages of this new “echocardiographic marker” of congestion may be hypothe-
sized to guide clinical management across a range of medical settings (Figure 5):
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Figure 5. Main advantages that could be provided by an extensive use of USIVC 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 [46]. Indeed, IVC edge tracking echocardiography is a low-cost so-
lution 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 [47][48]. No adjunctive or spe-
cific training is required.

3) Adoption by non-physicians users: trained nurses may successfully use US for IVC
assessment [49]. IVC edge tracking echocardiography may thus be easily managed by
nurses, giving them more autonomy and personal skills. This aspect could have a foresee-
able impact on resource optimization and it could contribute to fight against nurses’” wide-
spread job dissatisfaction [50].

4) Autonomy: the physician that works in an outpatient chronic HF clinic, ap-
proaches the patients with different management models across different countries [51].
Indeed, the assessment of cardiac biomarkers of congestions may not always be readily
available to guide HF management [52]. Conversely, the edge tracking technique for IVC
diameter assessment could be quickly performed by the physician himself during the am-
bulatory 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. A precise
RAP estimation may thus be of importance to evaluate right ventricular function, espe-
cially in candidates for a left ventricular assist device (L-VAD). The Right Ventricle Stroke
Work Index (RVSWI) is a hemodynamic index which has been shown to be a reliable pa-
rameter in the selection of these patients [53]. However, this index is only available after
RHC. Some authors tried to convert the information from the RVSWI with an echocardi-
ographic index, the Right Ventricle Contraction Pressure Index (RVCPI). However, a pos-
itive but not optimal correlation emerged from their study, mainly due to poor reliability
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in predicting RAP [54]. The same group proposed a new algorithm to predict RAP with 252
exceptional accuracy (r% 0.70) [55], this index (estimated RAP, eRAP) consists of the mean 253
of the available values of RAP derived by the IVC assessment [3], the hepatic venous flow 254

pattern (hepatic venous systolic-to-diastolic wave ratio) and the hepatic venous systolic 255
systolic VTI

systolic VTI+diastolic VTI
nous velocity-time integrals - VTIs) [56]. This study, as others [56], in fact proposed the 257

use of hepatic venous Doppler parameters as a cornerstone to correctly estimate RAP. 258
Indeed, in both studies, interobserver variability was performed by expert operators: in 259
the former, the authors did not specify in how many patients the index was calculated by 260
the second operator, whereas in the latter study the reliability was calculated in only 10 261
patients [55,56]. Other studies showed only moderate reproducibility [57] of hepatic vein 262
Doppler to predict RAP, and recently some authors failed to reproduce the proposed 263
eRAP index in a cohort of patients who underwent RHC. They conclude that the mul- 264
tiparametric eRAP index does not provide an advantage over guidelines suggested for 265
RAP assessment, despite being more complex and time-consuming [58]. In the field of 266
advanced heart failure it is of paramount importance to stress that our tool is able to pre- 267
dict right heart chambers congestion only, on the other hands there are several echocardi- 268
ographic techniques to predict left ventricular end diastolic pressure, that is another im- 269
portant parameter to know to correctly manage such advanced patients. 270

Finally, RAP is an important treatment target in pulmonary arterial hypertension, 271
where elevated values are a proxy of a failing right ventricle heralding adverse prognosis 272
[59,60]. A lot of prognostic markers have been studied in such patients, however, due a 273
prevalence of pneumologists as clinical managers of such a disease, echocardiographic 274
parameters have been evaluated only in few studies compared to other clinical variables 275
[61-63]. Our new system could broaden the adoption of serial RAP assessment as a prog- 276
nostic marker and treatment target among patients with advanced HF and pulmonary 277
arterial hypertension [48], enhancing current RAP grading with its continuous nature. 278

filling fraction defined as (ratio of systolic and diastolic hepatic ve- 256

7. Usefulness of IVC Edge tracking technique at the Emergency Department 279

HF with reduced ejection fraction (HFrEF) is one of the most studied conditions in 280
Cardiology and many pharmacological and non-pharmacological treatments proved their 281
efficacy in this condition [64]. Nevertheless, many patients are admitted to Cardiology 282
departments for relapse of HF each year[65]. On the other hand, heart failure with pre- 283
served ejection fraction (HFpEF), although as frequent as HFrEF [66], remains an unmet 284
need in the Cardiology field in terms of treatment efficacy. Indeed, the recommended 285
treatment strategy of HFpEF involves blood pressure control, low salt diet and the reduc- 286
tion of the impact of cardiovascular risk factors, such as smoking, diabetes, dyslipidemia, 287
obesity as the recommended treatment [67]. Diuretic therapy is the cornerstone of medical 288
management of such a condition, however no studies have demonstrated their efficacy on 289
long term outcomes [68]. Due to the lack of an efficient treatment, patients affected by this 290
condition are treated for their relapsing events at the Emergency Department and thenin =~ 291
Internal Medicine wards, with an important economic impact caused by their long hospi- 292
tal stay and their frequent multiple admissions for HF relapse [69,70]. Therefore, the clin- 293
ical goals to treat this condition are to reduce the in-hospital stay and to avoid clinical 294
relapse of HF. The former condition was extensively studied using both biomarker guided = 295
therapy and US assessment which demonstrated inconclusive results. Indeed, the system- 296
atic use of biomarkers or the IVC assessment are not routinely recommended to treat these 297
patients [71-74]. 298

In the latter situation, several studies were performed to follow these patients with 299
periodical nurse assessment, to tailor diuretic therapy using weight assessment or 300
NTproBNP strategy, and even in this context no recommendations were available due to 301
the weakness of results [75,76]. We speculate that our edge tracking technique could be 302
able to precisely assess the volume status of the patients affected by this condition and 303
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lead the clinicians accurately in both settings. Specifically at the Emergency Department, 304
our tool could help the emergency physicians to optimize diuretic therapy providing ob- 305
jective and reliable data to manage patients affected by heart failure in term of dosage of 306
diuretic administration and diuretic response to treatment. All of this information could 307
be used in the decision-making process of the patient management ward admission vs. 308
early discharge vs. treatment in the emergency department observation unit. 309

On the other hand, in the out-patient ambulatory office, the general practitioner 310
(helped by community nurses) could follow patients affected by chronic heart failure him- 311
self with the theoretical possibility of avoiding some access to the emergency department 312
with a robust and reliable parameter to rely on. 313

8. IVC in children with nephrotic syndrome 314

Generalized edema is one of the main causes of hospitalization of children with ne- 315
phrotic syndrome and, if not appropriately treated, may lead to death [77]. Indeed, there 316
is evidence that suggests that some of these patients developed congestive edema and in 317
this case, diuretic therapy should be started [78]. The assessment of the IVC as a marker 318
of fluid overload has been investigated in many studies which report conflicting results. 319
Some authors found positive correlation of the IVC Caval Index (IVCCI), defined as 320

IVC expiratory Diameter—IVC inspiratory Diameter

_ : with the intravascular volume [79,80]. However, 321
IVC expiratory Diameter

these studies included only small cohorts of patients, and the gold standard used was not 322
robust, conferring important weakness to the authors’ conclusions. On the other hand, 323
other authors found that IVCCI was not adequate to help in the identification of clinical 324
subgroups of patients affected by nephrotic syndrome [81]. Buyukavci and his coworkers 325
found that IVCCI was not significantly different between hypovolemic and non-hypovo- 326
lemic patients classified using fractional sodium excretion rate [82]. Finally, another 327
group documented that bioimpedance measures may be superior to IVCCI in determin- 328
ing volume load in children with nephrotic syndrome [83]. 329

The sniff maneuver could not be performed to evaluate the collapsibility of theIVC 330
in children, due to the lack of collaboration of the youngest [84] and the probable low 331
reliability rate of the oldest that could be evaluated as adults [29]. We think that our edge 332
tracking technique could positively improve fluid assessment in children due to the lack 333
of use of the sniff maneuver. Moreover, US is a radiation-free technique that is wide avail- 334
able in the majority of pediatric departments, without contraindications in the diagnostic 335
evaluation in children[85]. 336

9. IVC assessment in patients undergoing dialysis 337

IVC assessment to identify patients with fluid overload before the dialysis sessionis 338
a validated technique to assess fluid overload [47,86,87]. However, fluid removal guided 339
by IVC US assessment to prevent post-dialysis hypotensive episodes reported conflicting 340
results, possibly due to the low accuracy of current IVC US assessment to predict volemic 341
status [47,88]. The proposed edge tracking technique may improve volemic assessmentin 342
patients undergoing dialysis predicting the correct amount of volume depletion prior to 343
dialysis and allowing to monitor and adjust the dialysis parameters during the treatment. 344
Moreover, even in a nephrological setting the feasibility and reliability to perform the IVC 345
US assessment by non-physicians was demonstrated, with acceptable interrater agree- 346
ment [89]. 347

10. Other techniques for RAP assessment 348

The rate of the US evaluation of the IVC is 80% in the majority of available studies 349
[4,29,31]. In the residual 20% of patients, other indexes should be considered. In a study 350
with 200 patients, distension of the jugular vein at rest relative to the maximum diameter 351
during a Valsalva maneuver (JVD ratio), assessed by vascular US, identified patients 352
with heart failure who had higher plasma NTproBNP levels, right ventricular impairment 353
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and raised pulmonary artery pressure [90]. 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 [91]. Both these tech-
niques 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 literature.

11. Future directions

The aim of our research group is to implement a clinical research program aiming at
a throughout characterization of the performance of the edge tracking technique across a
range of clinical conditions and healthcare settings [45,92]. 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 eval-
uate 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 multi-
center study, to build a stable, robust and reliable algorithm applicable to all clinical set-
tings. Initially, we will evaluate its diagnostic accuracy and then, after 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. 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. Conclusion

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 con-
texts. 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 [90][91]. Further mul-
ticenter 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.

Author Contributions: Conceptualization, S.A and L.M.; methodology, S.R., LM.,, G.S. ; software,
L.M.; validation, S.A., G.S. and L.M.; writing —original draft preparation, S.A.; writing —review and
editing, A.D., LB, L.C, CB,, EP,G.G, N.P. EA;supervision, VR, F.A,DS,GS, GD.,AG,PS,;
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Acknowledgments: none.

Conflicts of Interest: The authors declare no conflict of interest.

1. Pellicori, P.; Cleland, ].G.F.; Zhang, ].; Kallvikbacka-Bennett, A.; Urbinati, A.; Shah, P.; Kazmi, S.; Clark, A.L. Cardiac Dysfunc-
tion, Congestion and Loop Diuretics: their Relationship to Prognosis in Heart Failure. Cardiovasc. drugs Ther. 2016, 30, 599-609,
doi:10.1007/s10557-016-6697-7.

2. Rudski, L.G.; Lai, W.W.; Afilalo, J.; Hua, L.; Handschumacher, M.D.; Chandrasekaran, K.; Solomon, S.D.; Louie, E.K.; Schiller,
N.B. Guidelines for the Echocardiographic Assessment of the Right Heart in Adults: A Report from the American Society of
Echocardiography. Endorsed by the European Association of Echocardiography, a registered branch of the European Society
of Cardiology, and . |. Am. Soc. Echocardiogr. 2010, 23, 685-713, d0i:10.1016/j.ech0.2010.05.010.

3. Kircher, B.J.; Himelman, R.B.; Schiller, N.B. Noninvasive estimation of right atrial pressure from the inspiratory collapse of the
inferior vena cava. Am | Cardiol 1990, 66, 493—496, doi:10.1016/0002-9149(90)90711-9.

354
355
356
357
358
359
360

361

362
363
364
365
366
367
368
369
370
371
372
373
374
375

376

377
378
379
380
381
382
383
384

385
386
387
388

389

390

391

392

393
394
395
396
397
398
399
400
401



Diagnostics 2021, 11, x FOR PEER REVIEW 12 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Brennan, ].M.; Blair, J.E.; Goonewardena, S.; Ronan, A.; Shah, D.; Vasaiwala, S.; Kirkpatrick, ].N.; Spencer, K.T. Reappraisal of
the Use of Inferior Vena Cava for Estimating Right Atrial Pressure. ]. Am. Soc. Echocardiogr. 2007, 20, 857-861,
doi:10.1016/j.ech0.2007.01.005.

Moreno, F.L.; Hagan, A.D.; Holmen, J.R.; Pryor, T.A.; Strickland, R.D.; Castle, C.H. Evaluation of size and dynamics of the
inferior vena cava as an index of right-sided cardiac function. Am. J. Cardiol. 1984, 53, 579-85.

Vourvouri, E.C.; Schinkel, A.F.L.; Roelandt, ].R.T.C.; Boomsma, F.; Sianos, G.; Bountioukos, M.; Sozzi, F.B.; Rizzello, V.; Bax, ].].;
Karvounis, H.I; et al. Screening for left ventricular dysfunction using a hand-carried cardiac ultrasound device. Eur. ]. Heart
Fail. 2003, 5, 767-774, doi:10.1016/51388-9842(03)00155-7.

Milan, A.; Magnino, C.; Veglio, F. Echocardiographic Indexes for the Non-Invasive Evaluation of Pulmonary Hemodynamics.
J. Am. Soc. Echocardiogr. 2010, 23, 225-239, d0i:10.1016/j.echo.2010.01.003.

Luca Mesin, Stefano Albani, Piero Policastro, Paolo Pasquero, Massimo Porta, Chiara Melchiorri, Gianluca Leonardi, Carlo
Albera, Paolo Scacciatella, Pierpaolo Pellicori, Davide Stolfo, Andrea Grillo, Bruno Fabris, Roberto Bini, Alberto Giannoni, An-
tonio P, S.R. Analysis of phasic changes in vascular size by automated edge tracking - State of the art and clinical perspectives.
J. Clin. Med. 2021, In Press.

Long, E.; Oakley, E.; Duke, T.; Babl, F.E. Does Respiratory Variation in Inferior Vena Cava Diameter Predict Fluid Respon-
siveness: A Systematic Review and Meta-Analysis. Shock 2017, 47, 550-559, doi:10.1097/SHK.0000000000000801.

Orso, D.; Paoli, I; Piani, T.; Cilenti, F.L.; Cristiani, L.; Guglielmo, N. Accuracy of Ultrasonographic Measurements of Inferior
Vena Cava to Determine Fluid Responsiveness: A Systematic Review and Meta-Analysis. J. Intensive Care Med. 2020, 35, 354—
363, doi:10.1177/0885066617752308.

Si, X.; Xu, H.; Liu, Z.; Wu, J.; Cao, D.; Chen, J.; Chen, M,; Liu, Y.; Guan, X. Does Respiratory Variation in Inferior Vena Cava
Diameter Predict Fluid Responsiveness in Mechanically Ventilated Patients? A Systematic Review and Meta-analysis. Anesth.
Analg. 2018, 127, 1157-1164, doi:10.1213/ANE.0000000000003459.

Blehar, D.J.; Resop, D.; Chin, B.; Dayno, M.; Gaspari, R. Inferior vena cava displacement during respirophasic ultrasound imag-
ing. Crit. Ultrasound J. 2012, 4, 18, doi:10.1186/2036-7902-4-18.

Murphy, E.H.; Arko, F.R.; Trimmer, C.K.; Phangureh, V.S; Fogarty, T.]J.; Zarins, C.K. Volume associated dynamic geometry and
spatial orientation of the inferior vena cava. J. Vasc. Surg. 2009, 50, 835-843, d0i:10.1016/j.jvs.2009.05.012.

Mesin, L.; Pasquero, P.; Roatta, S. Multi-directional Assessment of Respiratory and Cardiac Pulsatility of the Inferior Vena
Cava From Ultrasound Imaging in Short Axis. Ultrasound Med. Biol. 2020, 46, 3475-3482, d0i:10.1016/j.ultrasmedbio.2020.08.027.
Mesin, L.; Roatta, S.; Pasquero, P.; Porta, M. Automated Volume Status Assessment Using Inferior Vena Cava Pulsatility. Elec-
tronics 2020, 9, doi:10.3390/electronics9101671.

Nakamura, K.; Tomida, M.; Ando, T.; Sen, K.; Inokuchi, R.; Kobayashi, E.; Nakajima, S.; Sakuma, L.; Yahagi, N. Cardiac variation
of inferior vena cava: new concept in the evaluation of intravascular blood volume. J. Med. Ultrason. (2001) 2013, 40, 205-209,
do0i:10.1007/s10396-013-0435-6.

Sonoo, T.; Nakamura, K.; Ando, T.; Sen, K.; Maeda, A.; Kobayashi, E.; Sakuma, I.; Doi, K.; Nakajima, S.; Yahagi, N. Prospective
analysis of cardiac collapsibility of inferior vena cava using  ultrasonography. |. Crit. Care 2015, 30, 945-948,
doi:10.1016/j.jcrc.2015.04.124.

Folino, A.; Benzo, M.; Pasquero, P.; Laguzzi, A.; Mesin, L.; Messere, A.; Porta, M.; Roatta, S. Vena Cava Responsiveness to
Controlled Isovolumetric Respiratory Efforts. J. ultrasound Med. Off. ]. Am. Inst. Ultrasound Med. 2017, 36, 2113-2123,
doi:10.1002/jum.14235.

Mesin, L.; Giovinazzo, T.; D’Alessandro, S.; Roatta, S.; Raviolo, A.; Chiacchiarini, F.; Porta, M.; Pasquero, P. Improved Repeat-
ability of the Estimation of Pulsatility of Inferior Vena Cava. Ultrasound Med. Biol. 2019, 45, 2830-2843, d0i:10.1016/j.ultrasmed-
bi0.2019.06.002.

Sisini, F.; Toro, E.; Gambaccini, M.; Zamboni, P. The Oscillating Component of the Internal Jugular Vein Flow: The Overlooked
Element of Cerebral Circulation. Behav. Neurol. 2015, 2015, 170756, doi:10.1155/2015/170756.

Appleton, C.P.; Hatle, L.K.; Popp, R.L. Superior vena cava and hepatic vein Doppler echocardiography in healthy adults. ]. Am.
Coll. Cardiol. 1987, 10, 1032-1039, d0i:10.1016/s0735-1097(87)80343-1.

Garcia-Lépez, I.; Rodriguez-Villegas, E. Extracting the Jugular Venous Pulse from Anterior Neck Contact Photoplethysmogra-
phy. Sci. Rep. 2020, 10, 3466, doi:10.1038/s41598-020-60317-7.

Joseph, A.A.; Voit, D.; Frahm, ]. Inferior vena cava revisited - Real-time flow MRI of respiratory maneuvers. NMR Biomed. 2020,
33, e4232, d0i:10.1002/nbm.4232.

Mesin, L.; Pasquero, P.; Roatta, S. Tracking and Monitoring Pulsatility of a Portion of Inferior Vena Cava from Ultrasound
Imaging in Long Axis. Ultrasound Med. Biol. 2019, 45, 1338-1343, doi:10.1016/j.ultrasmedbio.2018.10.024.

Ermini L, Seddone S, Policastro P, Mesin L, Pasquero P., R.S. The cardiac caval index. Improving non-invasive assessment of
cardiac preload. | Ultras Med. In press.

Mesin, L.; Albani, S.; Sinagra, G. Non-invasive Estimation of Right Atrial Pressure Using Inferior Vena Cava Echography. Ul-
trasound Med. Biol. 2019, 45, 1331-1337, d0i:10.1016/j.ultrasmedbio.2018.12.013.

Wallace, D.J.; Allison, M.; Stone, M.B. Inferior Vena Cava Percentage Collapse During Respiration Is Affected by the Sampling
Location: An Ultrasound Study in Healthy Volunteers. Acad. Emerg. Med. 2010, 17, 96-99, doi:10.1111/j.1553-2712.2009.00627 x.
Beigel, R.; Cercek, B.; Luo, H.; Siegel, R.J]. Noninvasive evaluation of right atrial pressure. J. Am. Soc. Echocardiogr. 2013, 26, 1033
1042, d0i:10.1016/j.echo.2013.06.004.

402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461



Diagnostics 2021, 11, x FOR PEER REVIEW 13 of 15

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Albani, S.; Pinamonti, B.; Giovinazzo, T.; de Scordilli, M.; Fabris, E.; Stolfo, D.; Perkan, A.; Gregorio, C.; Barbati, G.; Geri, P.; et
al. Accuracy of right atrial pressure estimation using a multi-parameter approach derived from inferior vena cava semi-auto-
mated edge-tracking echocardiography: a pilot study in patients with cardiovascular disorders. Int. |. Cardiovasc. Imaging 2020,
36, 1213-1225, doi:10.1007/s10554-020-01814-8.

Mesin, L.; Pasquero, P.; Albani, S.; Porta, M.; Roatta, S. Semi-automated tracking and continuous monitoring of inferior vena
cava diameter in simulated and experimental ultrasound imaging. Ultrasound Med. Biol. 2015, 41, doi:10.1016/j.ultrasmed-
bi0.2014.09.031.

Magnino, C.; Omede, P.; Avenatti, E.; Presutti, D.; lannaccone, A.; Chiarlo, M.; Moretti, C.; Gaita, F.; Veglio, F.; Milan, A. Inac-
curacy of Right Atrial Pressure Estimates Through Inferior Vena Cava Indices. Am. |. Cardiol. 2017, 120, 1667-1673,
doi:10.1016/j.amjcard.2017.07.069.

Mesin, L.; Pasquero, P.; Roatta, S. Tracking and Monitoring Pulsatility of a Portion of Inferior Vena Cava from Ultrasound
Imaging in Long Axis. Ultrasound Med. Biol. 2019, 45, 1338-1343, doi:10.1016/j.ultrasmedbio.2018.10.024.

Nakamura, K.; Qian, K.; Ando, T.; Inokuchi, R.; Doi, K.; Kobayashi, E.; Sakuma, I.; Nakajima, S.; Yahagi, N. Cardiac Variation
of Internal Jugular Vein for the Evaluation of Hemodynamics. Ultrasound Med. Biol. 2016, 42, 1764-1770, d0i:10.1016/j.ultrasmed-
bi0.2016.03.003.

Tokunaga, K.; Nakamura, K.; Inokuchi, R.; Hayase, N.; Terada, R.; Tomioka, Y.; Ikeda, T.; Kobayashi, E.; Okazaki, H.; Sakuma,
L; et al. Cardiac Variation of Internal Jugular Vein as a Marker of Volume Change in Hemorrhagic Shock. Shock 2020, 54, 717-
722, doi:10.1097/SHK.0000000000001548.

Mesin, L.; Albani, S.; Sinagra, G. Non-invasive Estimation of Right Atrial Pressure Using Inferior Vena Cava Echography. Ul-
trasound Med. Biol. 2019, 0, d0i:10.1016/j.ultrasmedbio.2018.12.013.

Hung, J.; Lang, R; Flachskampf, F.; Shernan, S.K.; McCulloch, M.L.; Adams, D.B.; Thomas, J.; Vannan, M.; Ryan, T. 3D echocar-
diography: a review of the current status and future directions. J. Am. Soc. Echocardiogr. ~Off. Publ. Am. Soc. Echocardiogr. 2007,
20, 213-233, d0i:10.1016/j.ech0.2007.01.010.

Huguet, R.; Fard, D.; d’Humieres, T.; Brault-Meslin, O.; Faivre, L.; Nahory, L.; Dubois-Randé, J.L.; Ternacle, J.; Oliver, L.; Lim,
P. Three-Dimensional Inferior Vena Cava for Assessing Central Venous Pressure in Patients with Cardiogenic Shock. J. Am. Soc.
Echocardiogr. 2018, 1-10, doi:10.1016/j.ech0.2018.04.003.

Pellicori, P.; Shah, P.; Cuthbert, J.; Urbinati, A.; Zhang, J.; Kallvikbacka-Bennett, A.; Clark, A.L.; Cleland, J.G.F. Prevalence,
pattern and clinical relevance of ultrasound indices of congestion in outpatients with heart failure. Eur. J. Heart Fail. 2019,
doi:10.1002/ejhf.1383.

Selvaraj, S.; Claggett, B.; Pozzi, A.; McMurray, J.].V.; Jhund, P.S.; Packer, M.; Desai, A.S.; Lewis, E.F.; Vaduganathan, M.; Lefko-
witz, M.P.; et al. Prognostic Implications of Congestion on Physical Examination among Contemporary Patients with Heart
Failure and Reduced Ejection Fraction: PARADIGM-HEF. Circulation 2019, 140, 1369-1379, doi:10.1161/CIRCULA-
TIONAHA.119.039920.

Simonavicius, J.; Sanders van-Wijk, S.; Rickenbacher, P.; Maeder, M.T; Pfister, O.; Kaufmann, B.A.; Pfisterer, M.; Celutkiene, I,
Puronaité, R.; Knackstedt, C.; et al. Prognostic Significance of Longitudinal Clinical Congestion Pattern in Chronic Heart Failure:
Insights From TIME-CHF Trial. Am. ]. Med. 2019, 132, e679-e692, doi:10.1016/j.amjmed.2019.04.010.

Ambrosy, A.P.; Pang, P.S.; Khan, S.; Konstam, M.A.; Fonarow, G.C.; Traver, B.; Maggioni, A.P.; Cook, T.; Swedberg, K.; Burnett,
J.C.; et al. Clinical course and predictive value of congestion during hospitalization in patients admitted for worsening signs
and symptoms of heart failure with reduced ejection fraction: Findings from the EVEREST trial. Eur. Heart ]. 2013, 34, 835-843,
doi:10.1093/eurheartj/ehs444.

Girerd, N.; Seronde, M.F.; Coiro, S.; Chouihed, T.; Bilbault, P.; Braun, F.; Kenizou, D.; Maillier, B.; Nazeyrollas, P.; Roul, G.; et
al. Integrative Assessment of Congestion in Heart Failure Throughout the Patient Journey. JACC Hear. Fail. 2018, 6, 273-285.
Goonewardena, S.N.; Gemignani, A.; Ronan, A.; Vasaiwala, S.; Blair, J.; Brennan, ].M.; Shah, D.P.; Spencer, K.T. Comparison of
Hand-Carried Ultrasound Assessment of the Inferior Vena Cava and N-Terminal Pro-Brain Natriuretic Peptide for Predicting
Readmission After Hospitalization for Acute Decompensated Heart Failure. JACC Cardiovasc. Imaging 2008, 1, 595-601,
doi:10.1016/j.jcmg.2008.06.005.

Pellicori, P.; Carubelli, V.; Zhang, J.; Castiello, T.; Sherwi, N.; Clark, A.L.; Cleland, ].G.F. IVC diameter in patients with chronic
heart failure: Relationships and prognostic significance. JACC Cardiovasc. Imaging 2013, 6, 16-28, d0i:10.1016/j.jcmg.2012.08.012.
Jobs, A.; Vonthein, R.; Konig, L.R.; Schéfer, J.; Nauck, M.; Haag, S.; Fichera, C.F.; Stiermaier, T.; Ledwoch, J.; Schneider, A.; et al.
Inferior vena cava ultrasound in acute decompensated heart failure: design rationale of the CAVA-ADHF-DZHK10 trial. ESC
Hear. Fail. 2020, 7, 973-983, d0i:10.1002/ehf2.12598.

Stewart, K.A.; Navarro, S.M.; Kambala, S.; Tan, G.; Poondla, R.; Lederman, S.; Barbour, K.; Lavy, C. Trends in Ultrasound Use
in Low and Middle Income Countries: A Systematic Review. Int. |. Matern. Child Heal. AIDS 2020, 9, 103-120,
doi:10.21106/ijma.294.

Brennan, ].M.; Ronan, A.; Goonewardena, S.; Blair, ].E.A.; Hammes, M.; Shah, D.; Vasaiwala, S.; Kirkpatrick, ].N.; Spencer, K.T.
Handcarried ultrasound measurement of the inferior vena cava for assessment of intravascular volume status in the outpatient
hemodialysis clinic. Clin. ]. Am. Soc. Nephrol. 2006, 1, 749-753, d0i:10.2215/CJN.00310106.

Khandwalla, R.M.; Birkeland, K.T.; Zimmer, R.; Henry, T.D.; Nazarian, R.; Sudan, M.; Mirocha, J.; Cha, J.; Kedan, I. Usefulness
of Serial Measurements of Inferior Vena Cava Diameter by VscanTM to Identify Patients With Heart Failure at High Risk of
Hospitalization. Am. J. Cardiol. 2017, 119, 1631-1636, d0i:10.1016/j.amjcard.2017.02.007.

462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521



Diagnostics 2021, 11, x FOR PEER REVIEW 14 of 15

49.

50.

51.

52.
53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Kimori, K.; Tamura, Y. Feasibility of Using a Pocket-Sized Ultrasound Device to Measure the Inferior Vena Cava Diameter of
Patients With Heart Failure in the Community Setting: A Pilot Study. ]. Prim. Care Community Heal. 2020, 11,
doi:10.1177/2150132720931345.

McHugh, M.D.; Kutney-Lee, A.; Cimiotti, ].P.; Sloane, D.M.; Aiken, L.H. Nurses” widespread job dissatisfaction, burnout, and
frustration with health benefits signal problems for patient care. Health Aff. 2011, 30, 202-210, doi:10.1377/hlthaff.2010.0100.
Callender, T.; Woodward, M.; Roth, G.; Farzadfar, F.; Lemarie, ]J.C.; Gicquel, S.; Atherton, J.; Rahimzadeh, S.; Ghaziani, M.;
Shaikh, M.; et al. Heart failure care in low- and middle-income countries: A systematic review and meta-analysis. PLoS Med.
2015, 11, doi:10.1371/journal.pmed.1001699.

Cowie, M.R. The heart failure epidemic: A UK perspective. Echo Res. Pract. 2017, 4, R15-R20.

Palardy, M.; Nohria, A.; Rivero, ].; Lakdawala, N.; Campbell, P.; Kato, M.; Griffin, L.M.; Smith, C.M.; Couper, G.S.; Stevenson,

L.W,; et al. Right ventricular dysfunction during intensive pharmacologic unloading persists after mechanical unloading. . Card.

Fail. 2010, 16, 218-24, doi:10.1016/j.cardfail.2009.11.002.

Frea, S.; Bovolo, V.; Bergerone, S.; D’ Ascenzo, F.; Antolini, M.; Capriolo, M.; Canavosio, F.G.; Morello, M.; Gaita, F. Echocardi-
ographic evaluation of right ventricular stroke work index in advanced heart failure: A new index? J. Card. Fail. 2012, 18, 886—
893, doi:10.1016/j.cardfail.2012.10.018.

Frea, S.; Centofanti, P.; Pidello, S.; Giordana, F.; Bovolo, V.; Baronetto, A.; Franco, B.; Cingolani, M.M.; Attisani, M.; Morello, M.;
et al. Noninvasive Assessment of Hemodynamic Status in HeartWare Left Ventricular Assist Device Patients: Validation of an
Echocardiographic Approach. JACC Cardiovasc. Imaging 2019, 12, 1121-1131, doi:10.1016/j.jcmg.2018.01.026.

Nageh, M.F.; Kopelen, H.A.; Zoghbi, W.A.; Quinones, M.A.; Nagueh, S.F. Estimation of mean right atrial pressure using tissue
Doppler imaging. Am. ]. Cardiol. 1999, 84, 1448-1451, doi:10.1016/S0002-9149(99)00595-0.

Ommen, S.R.; Nishimura, R.A.; Hurrell, D.G.; Klarich, KW. Assessment of Right Atrial Pressure With 2-Dimensional and Dop-
pler Echocardiography: A Simultaneous Catheterization and Echocardiographic Study. Mayo Clin. Proc. 2000, 75, 24-29,
doi:10.4065/75.1.24.

Toma, M.; Giovinazzo, S.; Crimi, G.; Masoero, G.; Balbi, M.; Montecucco, F.; Canepa, M.; Porto, I.; Ameri, P. Multiparametric
vs. Inferior Vena Cava-Based Estimation of Right Atrial Pressure. Front. Cardiovasc. Med. 2021, 8, 1-8,
doi:10.3389/fcvm.2021.632302.

D’Alonzo, G.E.; Barst, R.].; Ayres, S.M.; Bergofsky, E.H.; Brundage, B.H.; Detre, K.M.; Fishman, A.P.; Goldring, R.M.; Groves,
B.M.; Kernis, ].T. Survival in patients with primary pulmonary hypertension. Results from a national prospective registry.
Ann. Intern. Med. 1991, 115, 343-349, d0i:10.7326/0003-4819-115-5-343.

Lee, W.-T.N,; Ling, Y.; Sheares, K.K.; Pepke-Zaba, J.; Peacock, A.J.; Johnson, M.K. Predicting survival in pulmonary arterial
hypertension in the UK. Eur. Respir. ]. 2012, 40, 604-11, doi:10.1183/09031936.00196611.

Fernandes, C.J.; Steigner, M.L.; Piazza, G.; Goldhaber, S.Z. Collaborative Cardiology and Pulmonary Management of Pulmo-
nary Hypertension. Chest 2019, 156, 200-202, d0i:10.1016/j.chest.2019.04.099.

Stolfo, D.; Albani, S.; Biondi, F.; De Luca, A.; Barbati, G.; Howard, L.; Lo Giudice, F.; Tsampasian, V.; Pasanisi, E.M.; Airo, E.; et
al. Global Right Heart Assessment with Speckle-Tracking Imaging Improves the Risk Prediction of a Validated Scoring System
in Pulmonary Arterial Hypertension. |. Am. Soc. Echocardiogr. ~Off. Publ. ~Am. Soc. Echocardiogr. 2020, 33, 1334-1344.e2,
doi:10.1016/j.echo0.2020.05.020.

Thomas, C.A.; Anderson, R.J.; Condon, D.F.; de Jesus Perez, V.A. Diagnosis and Management of Pulmonary Hypertension in
the Modern Era: Insights from the 6th World Symposium. Pulm. Ther. 2020, 6, 9-22, doi:10.1007/s41030-019-00105-5.

Murphy, S.P.; Ibrahim, N.E.; Januzzi, ].L. Heart Failure with Reduced Ejection Fraction: A Review. JAMA - J. Am. Med. Assoc.
2020, 324, 488-504.

Caughey, M.C,; Sueta, C.A,; Stearns, S.C.; Shah, A.M.; Rosamond, W.D.; Chang, P.P. Recurrent Acute Decompensated Heart
Failure Admissions for Patients With Reduced Versus Preserved Ejection Fraction (from the Atherosclerosis Risk in Communi-
ties Study). Am. J. Cardiol. 2018, 122, 108-114, d0i:10.1016/j.amjcard.2018.03.011.

Dunlay, S.M.; Roger, V.L.; Redfield, M.M. Epidemiology of heart failure with preserved ejection fraction. Nat. Rev. Cardiol. 2017,
14, 591-602.

Iliesiu, A.M.; Hodorogea, A.S. Treatment of heart failure with preserved ejection fraction. In Advances in Experimental Medicine
and Biology; Springer New York LLC, 2018; Vol. 1067, pp. 67-87.

Ahmed, A.; Husain, A.; Love, T.E.; Gambassi, G.; Dell'ltalia, L.J.; Francis, G.S.; Gheorghiade, M.; Allman, R.M.; Meleth, S,;
Bourge, R.C. Heart failure, chronic diuretic use, and increase in mortality and hospitalization: An observational study using
propensity score methods. Eur. Heart ]. 2006, 27, 1431-1439, doi:10.1093/eurheartj/ehi890.

Braunschweig, F.; Cowie, M.R.; Auricchio, A. What are the costs of heart failure? Europace 2011, 13, ii13-ii17, doi:10.1093/euro-
pace/eur081.

Ricciardi, E.; La Malfa, G.; Guglielmi, G.; Cenni, E.; Micali, M.; Corsello, L.M.; Lopena, P.; Manco, L.; Pontremoli, R.; Moscatelli,
P.; et al. Characteristics of current heart failure patients admitted to internal medicine vs. cardiology hospital units: the VASCO
study. Intern. Emerg. Med. 2020, 15, 1219-1229, doi:10.1007/s11739-020-02304-4.

Pellicori, P.; Kallvikbacka-Bennett, A.; Khaleva, O.; Carubelli, V.; Costanzo, P.; Castiello, T.; Wong, K.; Zhang, ].; Cleland, ].G.F,;
Clark, A.L. Global longitudinal strain in patients with suspected heart failure and a normal ejection fraction: does it improve
diagnosis and risk stratification? Int. |. Cardiovasc. Imaging 2014, 30, 69-79, doi:10.1007/s10554-013-0310-y.

522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580



Diagnostics 2021, 11, x FOR PEER REVIEW 15 of 15

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Curbelo, J.; Aguilera, M.; Rodriguez-Cortes, P.; Gil-Martinez, P.; Suarez Fernandez, C. Usefulness of inferior vena cava ultraso-
nography in outpatients with chronic heart failure. Clin. Cardiol. 2018, 41, 510-517, d0i:10.1002/clc.22915.

Pufulete, M.; Maishman, R.; Dabner, L.; Higgins, ].P.T.; Rogers, C.A.; Dayer, M.; MacLeod, J.; Purdy, S.; Hollingworth, W.; Schou,
M.; et al. B-type natriuretic peptide-guided therapy for heart failure (HF): a systematic review and meta-analysis of individual
participant data (IPD) and aggregate data. Syst. Rev. 2018, 7, 112, doi:10.1186/s13643-018-0776-8.

Carbone, F.; Bovio, M.; Rosa, G.M.; Ferrando, F.; Scarrone, A.; Murialdo, G.; Quercioli, A.; Vuilleumier, N.; Mach, F.; Viazzi, F.;
et al. Inferior vena cava parameters predict re-admission in ischaemic heart failure. Eur. . Clin. Invest. 2014, 44, 341-349,
doi:10.1111/eci.12238.

Veilleux, R.P.; Wight, ].N.; Cannon, A.; Whalen, M.; Bachman, D. Home diuretic protocol for heart failure: partnering with home
health to improve outcomes and reduce readmissions. Perm. |. 2014, 18, 44-48, doi:10.7812/TPP/14-013.

Gundersen, G.H.; Norekval, T.M.; Haug, H.H.; Skjetne, K.; Kleinau, J.O.; Graven, T.; Dalen, H. Adding point of care ultrasound
to assess volume status in heart failure patients in a nurse-led outpatient clinic. A randomised study. Heart 2016, 102, 29-34,
doi:10.1136/heartjnl-2015-307798.

Siddall, E.C.; Radhakrishnan, J. The pathophysiology of edema formation in the nephrotic syndrome. Kidney Int. 2012, 82, 635
642.

Kapur, G.; Valentini, R.P.; Imam, A.A.; Mattoo, T.K. Treatment of severe edema in children with nephrotic syndrome with
diuretics alone - A prospective study. Clin. ]. Am. Soc. Nephrol. 2009, 4, 907-913, doi:10.2215/CJN.04390808.

Tabel, Y.; Mungan, I.; Karakurt, C.; Kocak, G.; Gungor, S. Is edema in minimal change disease of childhood really hypovolemic?
Int. Urol. Nephrol. 2008, 40, 757-761, doi:10.1007/s11255-008-9344-9.

Donmez, O.; Mir, S.; ézyﬁrek, R.; Cura, A.; Kabasakal, C. Inferior vena cava indices determine volume load in minimal lesion
nephrotic syndrome. Pediatr. Nephrol. 2001, 16, 251-255, doi:10.1007/s004670000536.

Gurgoze, M.K,; Gunduz, Z.; Poyrazoglu, M.H.; Dursun, I.; Uzum, K.; Dusunsel, R. Role of sodium during formation of edema
in children with nephrotic syndrome. Pediatr. Int. 2011, 53, 50-56, doi:10.1111/;.1442-200X.2010.03192.x.

Hypo- and hypervolemic edema in children with steroid sensitive nephrotic syndrome - PubMed Available online: https://pub-
med.ncbi.nlm.nih.gov/25790549/ (accessed on May 26, 2021).

Kadriye Ozdemir, Makbule Sevgi Mir, Nida Dingel, Sibel Bozabali, ipek Kaplan Bulut, Ebru Yilmaz, B.S. Bioimpedance for
assessing volume status in children with nephrotic syndrome - PubMed. Turk | Med Sci 2015, 45, 339-44.

Modi, P.; Glavis-Bloom, J.; Nasrin, S.; Guy, A.; Chowa, E.P.; Dvor, N.; Dworkis, D.A.; Oh, M,; Silvestri, D.M.; Strasberg, S.; et al.
Accuracy of inferior vena cava ultrasound for predicting dehydration in children with acute diarrhea in resource-limited set-
tings. PLoS One 2016, 11, doi:10.1371/journal.pone.0146859.

Hwang, M.; Piskunowicz, M.; Darge, K. Advanced ultrasound techniques for pediatric imaging. Pediatrics 2019, 143.

Cheriex, E.C.; Leunissen, K.M.; Janssen, ].H.; Mooy, ].M.; van Hooff, ].P. Echography of the inferior vena cava is a simple and
reliable tool for estimation of “dry weight” in haemodialysis patients. Nephrol. Dial. Transplant 1989, 4, 563-8.

Kaptein, M.J.; Kaptein, J.S.; Oo, Z.; Kaptein, E.M. Relationship of inferior vena cava collapsibility to ultrafiltration volume
achieved in critically ill hemodialysis patients. Int. ]. Nephrol. Renovasc. Dis. 2018, 11, 195-209, doi:10.2147/IJNRD.5165744.
Agarwal, R.; Bouldin, ].M.; Light, R.P.; Garg, A. Inferior Vena Cava Diameter and Left Atrial Diameter Measure Volume but
Not Dry Weight. Clin. ]. Am. Soc. Nephrol. 2011, 6, 1066-1072, d0i:10.2215/CJN.09321010.

Steinwandel, U.; Gibson, N.; Towell, A.; Rippey, ].J.R.; Rosman, J. Can a renal nurse assess fluid status using ultrasound on the
inferjor vena cava? A cross-sectional interrater study. Hemodial. Int. 2018, 22, 261-269, d0i:10.1111/hdi.12606.

Pellicori, P.; Kallvikbacka-Bennett, A.; Zhang, J.; Khaleva, O.; Warden, J.; Clark, A.L.; Cleland, J.G.F. Revisiting a classical clinical
sign: Jugular venous ultrasound. Int. |. Cardiol. 2014, 170, 364-370, doi:10.1016/j.ijcard.2013.11.015.

Pellicori, P.; Clark, A.L.; Kallvikbacka-Bennett, A.; Zhang, J.; Urbinati, A.; Monzo, L.; Dierckx, R.; Anker, S.D.; Cleland, J.G. Non-
invasive measurement of right atrial pressure by near-infrared spectroscopy: Preliminary experience. A report from the SICA-
HF study. Eur. J. Heart Fail. 2017, 1-10, d0i:10.1002/ejhf.825.

Chubuchny, V.; Pugliese, N.R.; Taddei, C.; Poggianti, E.; Spini, V.; Barison, A.; Formichi, B.; Airo, E.; Bauleo, C.; Prediletto, R.;

et al. A novel echocardiographic method for estimation of pulmonary artery wedge pressure and pulmonary vascular resistance.

ESC Hear. Fail. 2021, 8, 12161229, d0i:10.1002/ehf2.13183.

581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628



