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Abstract—The pulsatility of the inferior vena cava (IVC) reflects the volume status of patients. It can be investi-
gated by ultrasounds (US), offering an important non-invasive tool supporting fluid management. However, the
method has limitations attributable to many confounding factors, e.g., related to IVC movements and non-regu-
lar shapes. Short- or long-axis views have been used, both having advantages and limitations in counteracting
such confounding factors, depending on the specific condition. The aim of this study is to investigate IVC pulsatil-
ity in the different directions on the transverse plane and to assess its variability. Moreover, different components
of this pulsatility (induced by either respiratory or cardiac activity) are investigated. The method is tested on 10
healthy patients, with large variations across them of IVC section (mean diameters in the range 1 cm to 3 cm),
shape and pulsatility (average caval index [CI] ranging from approximately 20% to 70%). The average coeffi-
cient of variation of the CI estimated on 10 different directions was 13% (21% and 20% for the respiratory and
cardiac components, respectively), with a range that was approximately 50% of the mean CI across different
directions (approximately the same for the 2 different components). The minimum and maximum CI were found
close to the directions of maximum and minimum IVC diameter, respectively. The investigation of IVC dynamics
in the entire cross-section is crucial to obtain a more repeatable and reliable characterization of IVC pulsatility.
The calculation of a CI based on the “equivalent” diameter (proportional to the square root of the IVC cross-sec-

tional area) is encouraged. (E-mail: luca.mesin@polito.it) © 2020 World Federation for Ultrasound in

Medicine & Biology. All rights reserved.

Key Words: Inferior vena cava, Ultrasound, Tracking, Pulsatility, Fluid volume assessment.

INTRODUCTION

The assessment of blood volume status is an important and
challenging issue in emergency medicine, critical care and
internal medicine because both hypovolemia and fluid
overload can lead to poor clinical outcomes, including pro-
longed mechanical ventilation, high mortality, renal dys-
function and impairment in oxygenation (Alsous et al.
2000; Murphy et al. 2009; Boyd et al. 2011).

Ultrasound (US) examination of the inferior vena
cava (IVC) is a commonly used approach for the assess-
ment of volume status attributable to its non-invasive-
ness. In particular, the caval index (CI) was
demonstrated to correlate with the central venous

Address correspondence to: Luca Mesin, Dipartimento di Elet-
tronica e Telecomunicazioni, Politecnico di Torino, Corso Duca degli
Abruzzi, 24 - 10129 Torino, Italy. E-mail: luca.mesin@polito.it

pressure (Nagdev et al. 2010; Mesin et al. 2019a; Albani
et al. 2020), the volume depletion attributable to blood
loss, which was studied in blood donors (Pasquero et al.

2015), and the hydration state of patients, so that it could i

support the management of fluid therapy in critically ill
patients (Zhang et al. 2014).

However, the assessment of IVC dynamics is
affected by many limitations and confounding factors
that impact its accuracy and ultimately its clinical
usefulness. Fortunately, modern image processing
techniques may help to address and solve some of
these limitations and improve repeatability of the
measurements (Mesin et al. 2019b). In recent reports,
we have proposed semi-automated techniques that
improve the reliability of IVC assessment based on
the longitudinal approach (long axis), introducing the
following new features:
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® Tracking of the IVC, aimed at reducing the artifacts
introduced by IVC displacements with respiration
(Blehar et al. 2012; Mesin et al. 2015; Mesin et al.
2019c¢);

e Calculation of the IVC pulsatility over the entire IVC
length rather than over a single arbitrary section
(Mesin et al. 2019c¢); and

® Jsolation of the respiratory and cardiac components of
IVC pulsatility, the latter being potentially more
robust and less affected by the spontaneous variability
of the respiratory pattern (Sonoo et al. 2015).

Because of anatomic constraints or different habits,
in addition to or alternatively to the longitudinal
approach, echographers may visualize the IVC in the
transverse plane, i.e., in the short axis, (Moreno et al.
1984; Blehar et al. 2009; Chen et al. 2010; Nakamura
et al. 2013; Finnerty et al. 2017; Karami et al. 2017; Kar-
ami et al. 2018). Also, this approach is affected by the
following specific limitations:

® Respiration-related IVC displacement in the medio-
lateral direction may occur and affect the measure-
ments (Blehar et al. 2012; Mesin et al. 2015; Mesin
et al. 2019¢);

® One single diameter of the IVC is monitored, but the
IVC often exhibits a non-circular cross-sectional
shape with different pulsatility along the different
directions (Blehar et al. 2012); and

® As observed in longitudinal IVC monitoring (Mesin
et al. (2019b), cardiac and respiratory pulsatile com-
ponents asynchronously interact and increase the vari-
ability of IVC pulsatility.

The aim of this study is thus to address many of the
limitations affecting the assessment of IVC dynamics in
the transverse plane. We present a new methodology for
the assessment of the variability of the CI during sponta-
neous breathing using an automated method that detects
the IVC cross-sectional border and measures the pulsatil-
ity along all directions. In addition, the analysis is
extended to the oscillatory components of cardiac and
respiratory origin.

MATERIALS AND METHODS

Subject selection

Included in the study were 10 healthy volunteers (5
females, 5 males; age, mean + standard deviation 27 + 7 y;
BMI 21 =+ 2). The experiments were conducted after the
approval by the Ethics Committee of the University of Turin,
Italy, on 23 March 2015, in accordance with the Declaration
of Helsinki. All patients provided written informed consent
for the collection of data and subsequent analysis.

Volume [l M, Number I, 2020

Experimental setup

Participants were supine on a clinical table. Echo-
graphic images were obtained using the US system
Mylab25 (Gold ESAOTE; Genova, Italy) equipped with
a 2-5 MHz convex probe. The upper part of IVC was
visualized in subxiphoid or right lateral subcostal posi-
tion, accounting for anatomic landmarks such as the dia-
phragm and the portal vein.

The acquisition of US video clips (30-s duration)
was taken during spontaneous breathing, 30 min after a
participant lay supine on the clinical table.

ANALYSIS

Video processing

A software algorithm (implemented in MATLAB
R2019b; MathWorks, Natick, MA, USA) was used to pro-
cess the short-axis US acquisitions of the IVC. The method
detailed later in this report was selected among various
techniques, after tests on different data (also including
issues such as collapsing IVCs, aberrant cross-sections, arti-
facts)t: he global thresholding (Otsu 1979) was able to rap-
idly identify the lumen of the IVC in optimal conditions,
but it failed in the case of shadowing artifacts; the active
contour (Kass et al. 1988) was computationally intensive,
unstable to some US artifacts and it required the choice of
parameters to be adapted to the specific condition. Our
method was the most stable, allowing the processing of the
largest number of US video clips, either in physiology
(Folino et al. 2017) or in clinical studies (Pasquero et al.

2020). Moreover, it has a low computational cost, opening i

the perspective of a future real-time implementation. The
parameters discussed later in this report were selected on
the basis of about 200 US video clips recorded under vari-
ous conditions (e.g, in terms of patient anatomy and
pathology, US acquisition system, setup, efc.) and proc-
essed in the last year.

The physical dimension of a pixel was determined
as a preliminary step by automatically scanning a gradu-
ated length scale, present in the US frames. The operator
was then asked to select the position of the IVC on the
first frame of the video, indicating its center and a rectan-
gle including it. Subsequent image processing consid-
ered only a rectangular region with the same dimension,
centered on the IVC estimated on the previous frame
(thus, tracking the movements of the vein, as detailed
later in this report).

Specifically, the following processing was applied
on each frame of the video clip in turn. The frame was
converted from red, green, blue to a gray-scale (8-bit
encode) and cropped on the rectangular region (Fig. 1,
a). The contrast was then enhanced using histogram
equalization (Fig. 1, b). Next, the image was processed
with a 2-D median filter, working on neighborhoods of
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Fig. 1. Processing of a single US frame. (a) A rectangular region is selected. The portion of image is (b) equalized and

(c) filtered (by a median filter). (d) The border of the vein is identified along 20 directions, beginning from the IVC cen-

ters (from which 10 diameters are obtained), getting (e) the vein boundary (superimposed here to the original portion of
image).

11-by-11 pixels (Fig. 1, c). This large smoothing was
selected to achieve stable results even when considering
low-quality US video clips recorded from patients in
emergency conditions. We expect that a smaller neigh-
borhood could also fit well the healthy patients consid-
ered here, but we preferred to maintain the same method
in our various studies. The outline of the vein was then
estimated, its centroid was computed and was used to
center the subsequent frame (thus, allowing us to track
the vein movements in the medio-lateral direction).

Specifically, the outline of the vein was estimated
along 20 equidistant rays, which originated from the cen-
ter of the considered rectangular portion of the image.
The intensity of the pixels along each ray was estimated
by cubic interpolation sampling at 100 points. The bor-
der of the vein was set where an abrupt increase in inten-
sity was detected, separating a dark and a light region.
Specifically, the following ideal assumption was consid-
ered: the interior of the vein is dark, with an approxi-
mately constant low value of intensity; whereas the
exterior is light, with quite a constant high value of
intensity (thus, the IVC border separates the dark from
the light region). This assumption was considered to esti-
mate the position of the IVC border along a ray, making
the following steps.

1. Different points along the ray were considered as
potential locations of the border: 10 sampling points
before and after the location of the border in the previ-
ous frame (except for the first frame, in which the
entire ray was explored).

2. The intensity along the ray was approximated by a
step function, with a small value in the interior of the

vein and a higher one in the exterior. Specifically, for
each point selected in step 1, the mean of the intensi-
ties of samples before and after it were chosen to
approximate the intensity in the interior and exterior
of the vein, respectively.

3. The root mean squared errors in approximating the
intensity along the ray with these step functions were
computed. The border of the IVC was estimated as
the point of discontinuity of the step function guaran-
teeing the best fit of the intensity profile.

To achieve a smooth boundary of the vein, once the
20 border points were found (Fig. 1, d), their spatial coordi-
nates were low pass filtered (Butterworth non-causal, zero-
phase IIR spatial filter of order 4 with cut-off at 0.3). The
filter was applied to the X and Y coordinates of the border
points. Notice that the cut-off frequency is non-dimen-
sional, as already discussed time-series were considered as
numeric values with unitary non-dimensional sampling
interval. The parameters of the filter were chosen after a
fine tuning on few data. Furthermore, the displacement of
the vein was assumed to be smooth and small across suc-
cessive frames: specifically, the maximum variation of the
border location along a ray was imposed to be 5 pixels.
The border points that overcame such a threshold were con-
sidered as outliers and were removed, substituting their
value by a quadratic interpolation of the 4 closest neighbor-
ing border points.

Post processing

Once the vein boundary was determined (Fig. 1, e),
the area of the IVC lumen was numerically computed,
summing the contributions of the 20 circular sectors
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delimited by pairs of the rays that were discussed earlier in
this report. The IVC area was estimated for each frame.
Thus, a time series was obtained with a sampling frequency
equal to the video frame rate, which was between 11 Hz
and 19 Hz (depending on the settings of the US device: the
greater the depth and the lower the frame rate).

The signal was then low-pass filtered with a cut-off
frequency of 4 Hz (Butterworth non-causal, zero-phase
IIR filter of order 4). The cut-off frequency was suffi-
ciently high to preserve cardiac and respiratory compo-
nents (with a bandwidth of about 1 Hz and some 10th of
Hz, respectively).

The effects of the heartbeat and of respiration on the
IVC cross-section were then separated using a zero-
phase Butterworth filter of order 4 with cut-off frequency
of 0.4 Hz. The cardiac and respiratory components were
above and below such a cut-off, respectively.

Quantitative measurements

Various indexes were estimated from the IVC
diameters along different directions and from the area
time series. Concerning the area time series, an equiva-
lent diameter was calculated as follows:

D= 2\@ (1)

Where A4 indicates the estimated area of the vein. This
variable is meant to provide a term of comparison with
other studies in the literature, where a single IVC diame-
ter is considered. The local maxima and minima of the
equivalent diameter were computed to estimate the CI as
follows:

~ max(D) = min(D)

Volume M, Number Il l, 2020

The CI was computed considering either the whole sig-
nal or specific components (i.e., the cardiac or the respi-
ration component). Specifically, the following indexes
were considered, as presented in Figure 2.

® The CI, obtained considering the entire signal dur-
ing a single respiratory cycle. The respiratory
cycles were automatically identified on the respira-
tory component. The software then explored the
entire signal on 1-s windows centered on each local
maxima and minima of the respiratory component
and searched for maxima or minima to estimate the
extension of the pulsation.

® The respiratory caval index (RCI), considering only
the respiratory component on a single breath cycle,
computed for each respiratory cycle in the video clip.

® The cardiac caval index (CCI), obtained considering
subsequent local extremes in the diameter time series,
for the most part induced by a single heartbeat (one
measurement was obtained for each cardiac cycle in
the video clip). This index was not statistically differ-
ent from the CI estimated from the cardiac component
of the IVC pulsatility. Indeed, the respiratory compo-
nent was quite slow, marginally affecting the local
extremes reflecting a single cardiac pulsation.

CI, RCI and CCI were computed for each cycle in a
video clip (either respiratory cycle or heartbeat) and then
averaged. A representative example of the use of the
equivalent diameter is presented in Figure 2. Then, as we
are interested in demonstrating the variability of the esti-
mations along different directions, the pulsatility indexes
were also computed for each of the 10 diameters consid-
ered (obtained from the 20 rays originated from IVC

= (2)
max(D) center used for the recognition of the edge of the vein).
(a) Caval Index (Cl) (b) Respiratory Caval Index (RCI) (C) Cardiac Caval Index (CCl)
wﬁle signal i whole signal _
"""" e whole signal
respiratory component respiratory
r component
X
Extremes of the
respiratory component
32
et A
S30t v
S28 W \ \/\/\/\/\/\/W/\/\W\J\/\/\/\
IS
T 26 f
a~ [
0 5 10 15 20 2 30 0 5 10 15 20 25 0 0 5 10 15 20 25 30

Time (s)

Time (s) Time (s)

Fig. 2. (a) Caval index (CI) estimated on the whole signal. The respiratory component is isolated with a low-pass filter
and superimposed to the entire signal. Then the maxima and minima of the respiratory component are found. The soft-
ware automatically explored a window (of duration 1 s) centered in each of these points and saved the local maxima or
minima, found on the entire signal (circles). (b) Respiratory caval index (RCI), computed on the respiratory component.
The respiratory component is isolated with a low-pass filter and superimposed to the whole signal. Maxima and minima,
automatically found on the respiratory component and used for RCI calculation (circles). (c) Cardiac caval index (CCI)
computed processing the entire signal. Maxima and minima, automatically found on the whole signal and used for CCI
calculation, are presented.
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RESULTS

Figure 3 presents the range of variation of the IVC
cross-section during a period of 30 s. Note that relative
changes vary in the different directions (Figs. 3, a and b).
This implies that the CI measurement is considerably
affected by the direction investigated (Fig. 3, c). Also notice
that, in the average, the pulsatility is larger along the direc-
tions in which the vein has a small extension (i.e., minimum
diameter) than along that of maximum size.

Figure 4 presents the distributions (in terms of
median, quartiles and range) of CI, RCI and CCI esti-
mated from each subject, considering different diameters
(i.e., different directions). The estimated borders of the
veins are presented at the bottom of Figure 4—irregular
shapes were found. Notice that round IVCs (e.g., patients
1, 4, 5) are usually associated with lower values of CI

(@)

Border of the vein

T
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(b) Maximum and minimum of diameter
4

T T T T T T T T
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£
o
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(C) Angular distance (°)
Cl
0 6 T T T T T T T T
05 1
0.4 . | L | L . L !
0 20 40 60 80 100 120 140 160

Angular distance (°)

(possibly indicating that they are kept circular by a
higher internal pressure) than those with a flat shape
(patients 2, 3, 6, 7, 10). The indexes vary a good amount
along different directions. On average, the pulsatility
indexes had a coefficient of variation (defined as stan-
dard deviation divided by the mean value, considering
for each subject the estimates from different diameters)
equal to 13% for CI, 21% for RCI and 20% for CCIL
Notice that the coefficients of variation of the CCI are
quite high, similar to those of RCI, even if the range is
low, which is attributable to the low mean values of the
CCI. As also presented in Figure 3, the measure of pulsa-
tility can vary a good amount over different directions.
Thus, an average value of the diameter is suggested to
reduce the variance of the estimation and to provide an
overall indication of the dynamics of the vein.

(d) Normalized maximum and minimum of diameter

M/X : mean/std of maximum diameter e
m/c: mean/std of minimum diameter
02 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160
Angular distance (°)
e
( ) Percentage variation of C|
160 T T T T T T T T
oS

140 1 sg\p\"' 1

e
x ‘—"d )
120 f 02" iects 1
) Mean (acros® subl
e
100 1
iects)

80 oss subjec _

. std (acf
Mean-$
60 1 4 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160

Angular distance (°)

Fig. 3. Maximal and minimal diameters along different directions and corresponding CI computed by the standard
method, i.e., considering the whole signal (the angles are measured starting from the direction along which the maximal
diameter was found). (a) Border of the IVC for a specific subject (the borders of all 373 frames are presented). (b) Maxi-
mal and minimal diameters for the same representative subject as in (a), as a function of the angular distance with respect
to the direction along which the maximal diameter was found. (c) Caval index obtained from the data in (b). (d) Average
and mean =+ standard deviation of maximal and minimal diameters across different patients, normalized with respect to
the maximum diameter. (¢) Percentage variation of the caval index (average and mean =+ standard deviation across
patients) computed from different sections of the vein (angle of 0° corresponds to the direction of the maximum
diameter).

485

487
488
489
490
491
492
493
494
495
496
497
498
499
500

502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522

524
525
526
527
528
529
530
531
532
533
534
535
536
537
538



539

541
542
543
544

546
547
548
549
550
551
552
553
554
555
556
5567
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592

6 Ultrasound in Medicine & Biology

Volume [l M, Number Il l, 2020

1.0 I T T

Cl =

0.0 1 1 1

st B El
RCI ?

0.0 1 1 1

02

ccl 1

0.0
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Segmentoficm n

Fig. 4. Values of CI, RCI and CCI evaluated on 10 diameters for each subject. The central mark is the median, the edges

of the box are the 25th and 75th percentiles, the whiskers extend to the most extreme data points (not considering out-

liers, individually indicated). On average, the coefficient of variation (averaging across angles) was 13% for CI, 21% for

RCI and 20% for CCI. At the bottom of the Figure, the identified borders of the IVC are presented (superposition of all
traces obtained for all frames).

DISCUSSION

In this report, we addressed some of the limitations
that affect the estimation of CI in short axis and intro-
duced technical and methodologic improvements ori-
ented to reduce their effect on the measurement, namely
the following:

® By means of a semi-automated detection and tracking
of the IVC, the in-plane movements of the vein can
be accounted for and the movement-related artifacts
virtually eliminated (the IVC movements in the longi-
tudinal direction cannot be eliminated using a short-
axis view, instead);

® The averaging of the IVC size and pulsatility over all
possible directions yields univocal and non-subjective
measurements; and

® The identification and quantification of the magnitude
of cardiac and respiratory components of IVC pulsa-
tility may possibly help to account for a major con-
founding factor related to the intrinsic variability of
spontaneous respiration.

However, our method is still affected by some intrin-
sic problems of IVC investigation in short axis, e.g., the
lack of control of longitudinal displacements and the

possibility that the insonation plane is not orthogonal to the
IVC axis and changes during the acquisition. Thus, our
results are still operator dependent, even if some of the
problems of the standard measurement along a single direc-
tion have been addressed. The use of multi-planar US
imaging, with orthogonal directions to record both the short
and long axes, together with tracking algorithms for the two
views (e.g., Mesin et al. [2019¢] for the long axis and the
proposed method here for the short axis) could be of help
to compensate in part for these problems.

The tracking of the IVC was proven effective in the
improvement of accuracy in assessing CI in the long-axis
view (Mesin et al. 2015; Sonoo et al. 2015; Mesin et al.
2019c). However, the IVC exhibits respiratory-related
movements also in the short axis, which are in the order of
4 mm (Blehar et al. 2012). Albeit small, this displacement
may produce relevant alterations in the antero-posterior
diameter assessed in M-mode, e.g., in the order of 8.5% in
a hypothetical circular IVC of 20-mm diameter, but the
effect may considerably increase in non-circular or smaller
veins. Preliminary results of this method have been pre-
sented by Folino et al. (2017) in which the IVC was tracked
for the investigation of the effects of isometric respiratory
efforts, during apnea of short duration.

Other methods for IVC tracking in the short axis have
also been proposed in the literature (Nakamura et al. 2013;
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Bellows et al. 2014; Karami et al. 2017; Karami et al.
2018). We also tested a few of these approaches in a pre-
liminary phase, which were shown to have a higher compu-
tational cost and to be more sensitive to some US artifacts,
with respect to the finally adopted method. Specifically, a
simple thresholding algorithm was sensitive to hypo-echoic
bands (or “dark shadows™). An active contour—"“snake”—
(discussed by Kass et al. (1988) could also be attracted by
a dark artifact. Moreover, we found it difficult to select
parameters to fit different conditions (e.g., video clips with
different contrasts or [VCs with different shapes/dimen-
sions, and hence curvatures). Assuming constraints to stabi-
lize the estimations (e.g., that the IVC is about circular or
ellipsoidal) could limit the applicability of the algorithm.
Indeed, the IVC of hypovolemic patients could have aber-
rant shapes (e.g., it could even be not convex, thus being
much different from an ellipse) or even collapse in some
frames. Based on many trials and errors, the present algo-
rithm was selected as the most stable against the huge vari-
ability of IVC shapes and dynamics, specifically found in
patients (Pasquero et al. 2020, unpublished data).

Moreover, our algorithm presents a low computa-
tional cost, with the available implementation in MATLAB
(MathWorks), which interpreted single core implementa-
tion, run on a personal computer with an Intel Core i7-
2630 QM, Quad-Core (Intel Corporation, Santa Clara, CA,
USA) clock frequency of 2 GHz, 6 GB of RAM and 64-bit
operating system). Processing a frame took an average of
shorter than 150 ms. As the bandwidth of the processed
data is of a few Hz, the actual implementation is almost
adequate for a real-time application, which, together with
the feedback provided by the rendering of the estimated
IVC border, could guide the echographers to acquire an
optimal video clip. Moreover, such a potential future
implementation could provide to the operator an immediate
indication of the pulsatility indexes.

IVC pulsatility is commonly assessed through the CI,
which is based on the measurement of maximum and mini-
mum diameters. However, the diameter is an ambiguous
definition when the cross-sectional shape of IVC is consid-
erably different from a circle, which is often the case in
patients who are hypovolemic or have low central venous
pressure (Huguet et al. 2018). Moreover it has been
reported that IVC exhibits anisotropic deformation both in
response to blood volume changes (Murphy et al. 2009)
and during spontaneous breathing (Blehar et al. 2012), with
larger diameter changes along the minor axis (according to
an elliptical approximation). Here, we have explored the
IVC pulsatility along 10 different directions and confirm
that the larger pulsatility approximately occurs close to the
direction in which the vein presents a smaller diameter
(Figs. 3, d and e). In addition, the results point out that,
depending on the patient, the CI may vary considerably
with the direction, e.g., in subject number 5 maximum CI

is about twice the minimum (Fig. 4, top). This indicates
that measuring along a single direction, whether arbitrarily
chosen by the operator or imposed by the US machine,
would not provide a representative indication of the global
IVC behavior and would thus impair reliability of the
assessment (e.g., limiting the possibility of assessing pre-
cisely the volume condition of a patient or of scheduling
the follow-up of a patient during a treatment for fluid man-
agement). Conversely, averaging over all different direc-
tions provides a more representative and less operator-
dependent indication of IVC collapsibility.

Because the initial observations (reported in Naka-
mura et al. 2013) that cardiac pulsatility can be detected
in IVC and used to monitor changes in volume status, a
number of studies explored this possibility (Sonoo et al.
2015; Folino et al. 2017; Mesin et al. 2019a; Mesin et al.
2019c; Albani et al. 2020). Although it is generally con-
sidered that the CI quantifies the respiratory-induced
changes in IVC diameter, the present results further
emphasize the concept that the cardiac component con-
tributes substantially to the overall pulsatility. In fact,
the isolated respiratory component yields RCI values
that are markedly smaller than the corresponding CI
(Fig. 4). The results reported in Figure 4 also demon-
strate that all three indexes (CI, RCI and CCI) exhibit
some dependence on the considered direction. However,
they demonstrate good qualitative agreement in the char-
acterization of the different patients. Considering that
the intrinsic variability of spontaneous respiration, in
terms of depth of respiratory acts and in dependence of
the type of breathing (thoracic versus abdominal
involvement), is considered to be a major source of vari-
ability of IVC assessment (Muller et al. 2012; Folino
et al. 2017), the observations discussed earlier support
the idea that CCI could be adopted as a surrogate of CI,
with the relevant advantage of being virtually indepen-
dent of respiratory activity; however, notice that some
interaction is expected between RCI and CCI, as higher
cardiac pulsations are expected during the respiration
phase in which the IVC is less full.

Notice that the present results were collected on
healthy patients. In certain clinical conditions, e.g., with
hypovolemic patients, the IVC cross-sectional shape
may be considerably distorted (Huguet et al. 2018),
which would amplify the differences in IVC size and
pulsatility along the different directions. In that situation,
a global assessment of IVC size and pulsatility would be
even more beneficial.

CONCLUSIONS

We have introduced an innovative method that
identifies the cross-section of IVC from US video clips,
and analyzes IVC pulsatility along multiple directions,
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separating the cardiac from the respiratory component.
The considerable variation of IVC pulsatility along dif-
ferent directions points out the limitation of relying on a
single, arbitrary direction and indicates that a global
assessment of IVC size and pulsatility may improve
objectivity and reliability of the measurement.

Conflict of Interest/Disclosure—An instrument implementing the algo-
rithm described in this report was patented by Politecnico di Torino
and Universita di Torino (WO 2018/134726).
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