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Simple Summary: Dirofilaria immitis infection in dogs induces damage to pulmonary arteries, which
in turn, if severe enough, can lead to pulmonary hypertension and clinical signs of right-sided conges-
tive heart failure. The initial vascular damage results in progressive reduction of the elastic properties
of the vessel wall and consequent loss of its distensibility. Therefore, the reduced distensibility of the
pulmonary artery wall becomes an early indicator of pulmonary hypertension. Pulmonary artery
distensibility can be measured at the level of the right pulmonary artery, using an echocardiographic
technique, obtaining the so-called distensibility index. Several studies on the distensibility index have
been reported in the veterinary literature, where different methods of measurements have been used.
This study was conducted to determine whether the results obtained with the different methods are
superimposable in terms of clinical information. The present work indicates that, although there is a
statistical agreement between the results of the different tests, they cannot be used interchangeably
from a clinical point of view.

Abstract: Canine Heartworm Disease (HWD) is mainly a pulmonary vascular disease. The reduc-
tion of the Pulmonary Artery Distensibility (PAD) is an early index of pulmonary vascular disease.
Echocardiographic evaluation of the Right Pulmonary Artery Distensibility index (RPADi) is cal-
culated as the percentage change in diameter of the right pulmonary artery (RPA) between systole
and diastole. Historically, two main methods have been used for RPADi calculation: The Venco
method and Visser method; however, different hybrid methods have also been used by other authors.
Therefore, it could be difficult for a clinician to decide which method to apply and how to interpret
the results based on the reference values reported. The aim of this study was to compare the RPADi
obtained by five different techniques (Venco classic, Venco modified, Visser classic, Visser modified
1, and Visser modified 2). The study design was a retrospective, single center, observational study.
Forty-seven client-owned dogs were included. The measurements were performed off-line as an
average of three consecutive cardiac cycles by a single investigator blinded to the dogs” diagnosis. The
RPADi was satisfactorily obtained by all methods in all dogs. Intra-observer measurement variability
was clinically acceptable both for systolic and diastolic measurements. Although the Bland—Altman
test showed a statistical agreement between the various methods used to calculate the RPAD}, these
methods cannot be used interchangeably in a clinical setting. Instead, the measurement method and
reference values should always be specified.

Keywords: Dirofilaria immitis; dog; right pulmonary artery distensibility index; echocardiography

1. Introduction

Canine Heartworm disease, caused by Dirofilaria immitis, is mainly a pulmonary vas-
cular disease, which, in advanced stages, may affect the right heart because of precapillary
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pulmonary hypertension (PH), pulmonary thromboembolism, and/or direct worm inva-
sion of the right chambers [1]. Pulmonary vessel alterations due to heartworms result in
proliferative endarteritis, vascular remodeling, and thromboembolism, causing a sustained
elevation of pulmonary arterial pressures [2,3]. Damage to peripheral arteries and arterioles
begins soon after the onset of infestation. This is due to the multiplication and migration of
smooth muscle cells to the intima, which creates a villous proliferation in the inner surface
of the artery. Consequently, there is thickening of the arterial walls, which in addition to
the rough texture of the intimal surface, cause a narrowing of the vessel lumen, especially
in the small branches [1-3]. In the pulmonary circulation, small vessels contribute to about
80% of pulmonary arterial compliance (PAC), a function closely linked to the elasticity of
the vessel wall and defined as the relative change in volume for each change in pressure. As
lesions develop, the entire pulmonary vascular tree becomes stiffer and loses compliance,
so there is an increase in pulmonary arterial pressure that leads to a chronic development
of pulmonary hypertension (PH). Furthermore, the death of parasites triggers pulmonary
thromboembolism, which also causes acute episodes of PH and contributes to the chronic
development of PH [4,5].

An important aspect of the pathophysiology of pulmonary vascular lesions, related
to heartworm disease, is represented by the increase in mean pulmonary artery pressure
caused by peripheral vascular disease. This, in turn, induces a reduction in PAC and
consequently in Pulmonary Artery Distensibility (PAD) which is defined as a relative
change in vessel diameter for a given change in pressure, but simultaneously increases
stiffness (reciprocal of compliance) [6,7]. It should be emphasized that the reduction of
distensibility can be detected in the earliest stages of vascular disease, in the absence of
significant and irreversible damage to the vessel wall [7,8]. Furthermore, considering the
inverse proportionality between pulmonary vascular resistance (PVR) and PAC, with a
hyperbolic ratio [9], interestingly, in the pulmonary circulation, contrary to the systemic
circulation, PAC (and therefore the PAD) and PVR are uniformly distributed throughout
the vascular bed. Hence, PAC and PAD change significantly and sooner, even before the
increase of PVR measured by invasive methods, making stiffness and PAD early markers
of pulmonary vascular disease [10].

Based on these statements, it appears reasonable that the effects of peripheral vascular
disease induced by HWD could be detected early at the level of proximal pulmonary vessels
(main pulmonary trunk, left and right pulmonary artery). Therefore, reduction of Pul-
monary Arterial Distensibility (PAD) becomes an early index of pulmonary vasculopathy
which can be detected even before other findings consistent with PH (see Figure 1).
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Figure 1. Schematic representation of the interrelationship loop between peripheral vascular dis-

ease and modification of pulmonary distensibility. mPAP, mean pulmonary artery pressure; PVR,
pulmonary vascular resistance; PAC, pulmonary arterial compliance.

Non-invasive imaging modalities as Magnetic Resonance Imaging (MRI) [11-14] and
echocardiography [15,16] have been used to measure PAD. Echocardiographic assessment
of the right pulmonary artery distensibility index (RPADi) was described as a valuable
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method for evaluation of PAD in dogs [17-25] (Table 1). The rationale for using the right
pulmonary artery (RPA) to assess PAD by echocardiography, is represented by its easy
evaluation with this diagnostic tool. Furthermore, a previous study utilizing Computed
Tomography Angiography (CTA) demonstrated that RPA distensibility yielded the best
diagnostic value for PH in people [26]. The RPADi is calculated as the percentage change
in diameter of the RPA between systole and diastole.

Table 1. RPADi calculation methods published in the veterinary literature. Bold type indicates papers
applying the “Venco” method. RPLA, Right Parasternal Long Axis; RPSA, Right Parasternal Short
Axis.

Author Year ECh‘ﬁ;‘EggraPh“ View Ml\f[a:t‘l‘lf)‘(‘;g
Venco 2014 M-mode RPLA lele
Vezzosi 2015 M-mode RPSA RPLA Not Specified
Visser 2016 B-mode RPSA tele
Birettoni 2016 M-mode RPLA RPSA tele
Serrano 2017 M-mode RPLA lele
Chan 2019 M-mode RPLA lele
Roels 2019 M-mode RPLA tele
Falcon-Cordon 2019 M-mode RPLA lele
Maerz 2020 M-mode RPSA lele

7

There are two main different published methods for RPADi calculation: the “Venco”
method, in which the right pulmonary artery diameter is measured from leading edge-
to-leading edge (le-le) using M-mode echocardiography from the right parasternal long
axis view (RPLA) [17]; and the “Visser” method, which uses measurements of the right
pulmonary artery from trailing edge-to-leading edge (te-le) using B-mode echocardiogra-
phy from the right short axis view (RPSA) [19]. Moreover, hybrid methods have also been
used [22,24-27]. Table 1 summarizes the published studies.

In view of so many different methods of assessment of RPAD}, it has become difficult
for a routine clinical use to decide which method applies best and how to compare the
results of studies where different methods were used. Therefore, an obvious question arises:
do the different methods lead to the same results?

The aim of this study was to compare the RPADi values obtained with five different
techniques and to verify whether for routine clinical use all these methods can be used
interchangeably.

2. Materials and Methods

This was a retrospective, single-center, observational study. All animals included in
the study were selected from the database of a previous epidemiological survey which
sought to explore the distribution of canine heartworm disease in the Island of Linosa (data
forthcoming). Client-owned dogs with different clinical presentations, both healthy and
naturally infected with D. immitis, were included. Echocardiographic examinations were
performed by a single investigator (A.B.) at different time periods, as decided in the study
protocol. The dogs were not sedated and were gently restrained by the owner in right
and left lateral recumbences on a dedicated table for the echocardiographic examination.
For each patient, cineloops of five consecutive cardiac cycles were acquired according
to the recommendations for standard transthoracic echocardiography [28,29], in order to
acquire a minimum data set for evaluation of cardiac chamber dimensions, wall thicknesses,
structure and function of all cardiac valves, right and left ventricular systolic and diastolic
function, presence of any pericardial fluid, presence of pulmonary hypertension, and to
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perform the Speckle Tracking echocardiographic study for the right ventricle. In addition,
the following off-axis view were performed: (a) RPLA, optimized for the roof of the left
atrium, zoom view, to visualize the right pulmonary vein and RPA (View 1) (Figure 2a).
An M-mode study was performed on this view with the interrogation cursor aligned in
the middle of the RPA and perpendicular to the vessel wall (Figure 2b). The end-systolic
dimension of the RPA was measured at the maximum diameter (usually at the T wave)
and the end-diastolic diameter was measured at its smallest dimension (at the Q wave
Figure 2b); (b) RPSA, optimized for RPA, to visualize its longest path (View 2) (Figure 2c).
An M-mode study was also performed on this view, with cursor positioned approximately
at the midpoint between the bifurcation of the main pulmonary trunk and the distal end of
the RPA (Figure 2c).

! diametro sistolico  8.333 mm
diametro diastolico 6.296 mm
RPDA Index 24 %
diametro sistolico  8.519 mm

diametro diastolico 6.481 mm
RPDA Index 24%
! diametro sistolico  8.704 mm

diametro diastolico 6.667 mm
RPDA Index 23%

(b)

B
1 diametro sistolico 2D 14.797 mm
diametro diastolico 2D 10.394 mm
RPDA index 2D 30%

(d)

Figure 2. Echocardiographic views and measurement method. (a): View 1 (see full text); (b): di-
ameter measurement of right pulmonary artery in M-mode from View 1; (c): View 2; (d): diameter
measurement of right pulmonary artery in B-mode from View 2.

The machine used was the GE Vivid Q premium (General Electric, Vivid iq Premium,
version 1.2.8) equipped with 1.5-4.6 MHz phased-array transducer (M5ScRS) and 2.7-
8 MHz phased-array transducer (6SRS). The M-mode echocardiographic examination was
acquired at a speed of 100 mm/s and/or included at least three cycles in each single image.
All echocardiographic examinations acquired from the study population were saved on a
dedicated archiving system (echoPAC, version 204, General Electric).

For the calculation of the RPADi, only M-mode studies of good quality and, with a
clearly visible ECG trace (recognizable P, QRS, and T waves) from both View 1 and View
2 images were selected by the echoPAC. The measurements were made anonymously,
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in order to blind the investigator to the original assessment. The measurements were
performed by a single investigator (A.B.) in randomized order and calculated as an average
of three consecutive cardiac cycles.

The RPADi was calculated with the following formula: [(RPAs-RPAd)/RPAs]x 100,
where the RPADi value is expressed as a percentage and RPAs and RPAd represent the
systolic (maximum) and diastolic (minimum) diameters of the RPA, respectively.

The RPADi was calculated using five methods:

(1) method 1 (“Venco classic”): obtained by M-mode study using View 1. The diameters of
the RPA were measured with “the leading edge to leading edge” (le-le) measurement
convention [17,28] (Figure 3).

(2) method 2 (“Venco modified”): obtained in the same way as for method 1, but di-
ameters of the RPA were measured with “the trailing edge to leading edge” (te-le)
measurement convention (Figure 3).

(38) method 3 (“Visser classic”) [19]: obtained by B-mode study using View 2. Minimum
diastolic and maximum systolic internal diameters were measured with “the trail-
ing edge to leading edge” (te-le) method, using the same location of the RPA. The
measurements were performed as perpendicular as possible to the internal borders,
where RPA was clearly visible, starting from the frame with the largest diameter, and
subsequently, scrolling frame-by-frame, the smallest diameter of RPA was measured,
attempting to measure it at the same location.

(4) Method 4 (“Visser modified 1”7, Visser “te-le”): using an M-mode image obtained from
View 2, the diameters are measured using the “trailing edge to leading edge” (te-le)
method.

(5) Method 5 (“Visser modified 2”, Visser “le-le”): using an M-mode image obtained from
View 2, the diameters are measured using the “leading edge to leading edge” (le-le)

method.
Leading edge
/
Trailing edge
tele lele
trailing edge-to-leadingedge leading edge-to-leadingedge

Figure 3. A schematic representation of two measurement methods used to determine right pul-
monary artery diameter at each measurement site. tele, trailing edge-to-leading edge; lele, leading
edge-to-leading edge.

In all methods, the systolic dimension of the pulmonary artery was measured at the
maximum diameter (usually at the T wave) and diastolic diameter at its smallest dimension
(at the Q wave).

Statistical Analysis

Statistical analyses were performed using a free software package Jamovi (the jamovi
project, version 1.6) and a commercial software MedCalc (MedCalc, version 18.2.1).

Descriptive statistics were generated and normality testing was assessed both graphi-
cally and with the Shapiro-Wilk test. Normality was rejected for p < 0.05 for Shapiro-Wilk
or if te coefficient of skewness or coefficient of kurtosis had p < 0.05.

For each method, the values of the arithmetic mean, standard deviation (normal data),
median, and interquartile range (for those not normal) were calculated from the values of
the three measurements of systolic and diastolic diameters. The coefficient of variation was
also calculated.
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Linear regression analysis was first performed in order to investigate the relationship
between the “Venco” classic method and the others.

The agreement among RPADi measurements with the different methods were evalu-
ated for bias and limits of agreement (LoAs) by the Bland—-Altman method. “Venco” classic
was used as the reference method for the other four methods, as it was historically the first
study published. Additionally, the authors provide RPADI values “associated” with direct
measurements of pulmonary artery pressure. Furthermore, regarding the RPADI topic, this
study’s results are currently most cited in the literature.

In order to identify fixed bias, one-sample t-tests comparing the difference between
Venco classic and the other methods were performed. A fixed bias is indicated if the
difference differs significantly from 0 (p-value < 0.05) or, equivalently, if the 95% Confidence
Interval (CI) for the differences does not include 0 [30].

Proportional bias was investigated by linear regression of the differences between
Venco classic and the other methods. Proportional bias does exist if the slope b in the linear
equation y = a + bx differs significantly from 0 (i.e., p-value < 0.05) [30].

To verify echocardiographic measurements variability and thus repeatability, intra-
observer measurement variability was quantified by the average coefficient of variation
(CV) over three consecutive cardiac cycles, using the following equation:

CV = (mean difference between measurements/mean of measurements) x 100, ex-
pressed as a percentage.

The average percent coefficient of variation (CV) was used to quantify echocardio-
graphic measurement variability studies, using the following equation:

CV = (standard deviation of the measurements/average of the measurements) x 100.

3. Results

Forty-six echocardiographic examinations satisfied the inclusion criteria. RPADi
values were satisfactorily obtained by all methods.
The results of linear regression analysis are summarized in Figure 4.

a b
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Figure 4. Linear regression analysis plots. Regression model: Alternative method (y) =a + b (Venco
classic). Blue line represents line of equality (y = x). (a), Venco te-le; (b), Visser classic; (c), Visser le-le;
(d), Visser te-le.
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The results obtained by Bland—Altman analysis are summarized in Table 2 and Figure 5.

Table 2. Results of Multiple Variable Bland—Altman comparison.

Reference Venco
Method Classic
Systematic Differences
Differences
Variable " Mean SD 95%CI
Visser classic 46 1.72 8.3 —0.755to 4.2
Venco te-le 46 1.57 4.6 0.19 to 2.93
Visser le-le 46 —1.89 9.04 —4.57 t0 0.79
Visser te-le 46 1.66 9 —1.01 to 4.32
Limits of Agreement
Limits of Agreement
Variable " Lower limit 95% CI Upper limit 95% CI
Visser classic 46 —14.6 __1§09 Sto 18 13.7t0 22.2
Venco te-le 46 —-75 —9.8to —5.1 10.6 82t01.9
Visser le-le 46 —19.6 —2421t0 —15 15.8 11.2 t0 20.5
Visser te-le 46 ~19 A 192 14710238
Regression
Variable Intercept 95% CI Slope 95% CI p
Visser classic 12.4 77t017.2 —0.46 —0.65 to —0.27 <0.0001
Venco te-le 42 1.01to 7.4 —0.11 —0.24 t0 0.01 0.0726
Visser le-le 11.2 6.4to 16 —0.57 —0.76 t0 0.38 <0.0001
Visser te-le 13.8 8.8t0 18.8 —0.53 —0.72to —0.33 <0.0001
Absolute Percentage Error
Variable n Median 95% CI 95th Percentile
Visser classic 46 19.93% 14.36 to 34.6 15.4%
Venco te-le 46 14.64% 8.4t024.78 66.6%
Visser le-le 46 23.72% 19.75 to 36.14 168.01%
Visser te-le 46 24.58% 16.5t035.4 199.27%

No fixed bias (Table 3) or proportional bias (Table 4) were founded by one-sample
t-test of differences and linear regression of differences against means, respectively. These
two conditions make the Bland—-Altman test able to be used safely in comparison between
the methods and determines if they may be used interchangeably in clinical practice.

Analyzing the three statistics, bias (mean differences), precision, and limits of agree-
ment, which are deducible from the graphs and useful for evaluating the performance of
the alternative methods compared to Venco classic [31], we can observe that Venco te-le,
Visser classic, and Visser te-le measure values of RPADi 1.6% higher than the Venco classic,
while Visser le-le underestimates by an average of 1.8%
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Figure 5. Bland—Altman plots showing paired difference between Venco classic and (A), Venco te-le;
(B), Visser classic; (C), Visser le-le; and (D), Visser te-le. Upper and lower dashed lines show LoAs.
Central dashed lines show the means of the differences. Light blue line is the proportional bias line.
Light green and rose areas are the 95% Confidence Intervals of upper and lower LoAs. Purple area
represents the 95% Confidence Interval of the mean of differences.

Table 3. Outcomes of analysis of differences by one-sample t-test for fixed bias.

Differences Mean Difference 95% CI for Mean ; p-Value
(= SEM) Difference
Venco te-le —1.56 4 0.68 —2.94to —0.19 -2.3 0.0261
Visser classic —1.724+1.22 —4.19t00.75 —-1.4 0.1686
Visser le-le 1.89 +1.33 —0.80 to 4.57 14 0.1637
Visser te-le —1.66 + 1.32 —4.19t0 1.58 -1.2 0.215

SEM, standard error of the mean; 95% CI for mean difference, 95% confidence internal for mean difference;
t, one-sample f statistic at d.f. = 45; p-value, two-sided p value from t-test.

Table 4. Outcomes of Differences against means by linear regression analysis for proportional bias.

Regression r a b p-Value
Venco te-le 0.05 2.13 0.023 0.725
Visser classic 0.26 7.502 0.243 0.084
Visser le-le 0.32 5.83 0.35 0.0285
Visser te-le 0.26 8.235 0.276 0.076

1, regression coefficient; a and b, intercept and slope of the linear equation y= a + bx, respectively.

Regarding the precision of the methods (obtained from the values of the standard
deviation of the differences between pairs of measured values of each single method
compared to the Venco classic), the results showed this to be equal to 4.6% for the Venco
te-le, 8.32% for the Visser classic, and 9.04 and 8.97, respectively, for Visser le-le and Visser
te-le.

The limits of agreement, calculated as bias £ 1.96 standard deviation, are described in
Table 5, along with the 95% CI of the minimum and maximum values.
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Table 5. Coefficients of variation. Data expressed as mean and standard deviation (SD).

METODO Mean SD
VENCO Systolic 41 3.1
CLASSIC Diastolic 4.8 3.4
tele Diastolic 5.7 4
CLASSIC Diastolic 45 3
VISSER Systolic 4.1 2.5
tele Diastolic 49 3
VISSER Systolic 3.6 2.5
lele Diastolic 4.8 2.7

Furthermore, by visually analyzing the distribution of the measurements within
the limits of agreement, Venco te-le showed a good agreement with Venco classic, with
a random distribution of the points around the bias line and inside the 95% limits of
agreement. Instead, Visser classic showed a subtle trend to overestimate the lower values
and underestimate the upper ones. This trend becomes more marked for both M-mode-
modified Visser methods.

Moreover, if we examine standard deviation and the lower and upper 95% limits
of agreement values, the statistical agreement shown by the Bland-Altman plots is not
clinically useful, considering what each RPADi value means in term of pulmonary pressure;
just a 10 % difference between methods could represent a shift from one pressure class to
another.

The data relating to the Intra-observer measurement variability are summarized in
Table 3. They have been shown to be clinically acceptable for all methods with a CV always
below 6%.

4. Discussion

The present study has shown that, although the Bland—Altman test has highlighted a
statistical agreement between the different tests, they cannot be used interchangeably from
a clinical point of view, considering the standard deviations of the differences of between 5
and 10% compared to the "classic” Venco method.

Of the five tested methods, four have already been described in previous studies:
Venco “classic” [17,20,21,23], Venco “te-le” [22-25], Visser “classic” [19], and Visser “le-
le” [24]. However, different methodologies were used in these studies. First, different types
of PH were included: only pre-capillary in the studies by Venco, Serrano, Falcon-Cordon,
Roels, and Maerz [17,20,23,24] versus a mixed group of pre-capillary and post-capillary in
the studies by Visser and Chan [19,21]. In addition, in the studies by Venco [17], Serrano [20],
Falcon-Cordon [23], and Maerz [24] the sample consisted only of patients affected by HWD.
Second, the diagnosis of PH was performed using the tricuspid regurgitation (TR) velocity,
which represents an estimated, but not measured value of pulmonary pressure. Distinctly,
in Venco’s study [17], the RPADi values were also compared with values measured by
invasive pulmonary artery catheterization, although this was performed only for the group
of dogs undergoing surgical heartworm removal due to the high worm burden. Third, the
definition of PH and its severity grading (mild, moderate, and severe) is different in the
various studies: the normal cutoff value is estimated to be 36 mmHg in Visser and Chan,
and 30 mmHg in Venco [17], Serrano [20], Falcon-Cordon [23], Roels [22], and Maerz [24].
Finally, the normal value of RPADi which distinguishes "normal" subjects from those
affected by "mild PH" is considered < 29% by Venco [17], Serrano [20], Falcon-Cordon [23],
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Roels [21], and Maers [24], while Visser indicates a RPADIi cutoff of 34.6% to predict a TR of
36 mmHg (by means of ROC curve and Youden index).

The echocardiographic method employed for the measurement of RPADi was the M-
mode in all published studies, except for Visser’s study [19-25]. Theoretically, the M-mode
method could be superior in the evaluation of RPADi based on a more precise delineation
of the point where the diameter of the pulmonary artery should be measured in systole
and diastole, and for the better temporal resolution compared to the B-mode.

The RPLA view (used by Venco Serrano, Chan and Falcon-Cordon) [17,20,21,23,25],
optimized for the roof of the left atrium, shows the right pulmonary artery in transverse
section, allowing study of its diameter in a unique and repeatable point. It is the author’s
opinion (AB) that, improving the echocardiographic method by framing the group of
pulmonary artery and vein as centrally as possible and acquiring the clips in zoom-viewed
mode will allow a further increase in the temporal and spatial resolution of the M-mode.

The RPSA view shows the right pulmonary artery in longitudinal section, leaving wide
discretion to the operator to decide the point of artery where to perform the measurements
each time. Furthermore, there are no reported studies that compare the diameter values of
the right pulmonary artery, scanned in longitudinal view, in different points.

Another difficulty in the comparison of the different published studies as in Falcon-
Cordon [23] and Chan [21], is that the authors perform the measurements with the "classic"
Venco method despite using the data of Visser’s study for both positivity cut-offs and
reference intervals. Furthermore, Maerz et al. and Birettoni et al. [24,25] apply a "hybrid"
method of measurement (RPSA, M-mode, and le-le) using Venco reference values.

Several limitations of this study should be acknowledged owing first to its single
center and retrospective nature.

Second, all the echocardiographic examinations and measurements were performed
by a single investigator (A.B.), although, the exams were made anonymous after the
acquisition to blind the measurement from the original analysis. Another limit can be
considered having considered Venco’s method [16] as the reference method. However, this
operational choice has been already justified above.

In summary, RPAD;i, regardless of the calculation method used, represents a very
useful and easily obtainable echocardiographic marker of PH and for this reason, in recent
years, it has gained a lot of attention both among veterinary cardiologists and veterinary
parasitologists involved in studies of HWD. Measuring RPAD], at an easily accessible site
such as the proximal pulmonary artery, permits us to evaluate the overall effects of events
which are mainly affecting the peripheral pulmonary circulation. This has been shown
helpful in early diagnosis of PH, even in the absence of other echocardiographic signs,
such as tricuspid and pulmonary regurgitation and requires a very short operator learning
curve.

Further studies are mandatory to determine if RPADi can be used as a single PH
marker or if it needs to be included in a multiparametric diagnostic approach. Another
point to clarify in future studies is if different reference ranges are needed in cases of
pre-capillary, post-capillary, and/or combined forms of PH. Finally, a multicentric study
would be necessary to establish if other variables, such as breed or age could influence
RPAD:i reference intervals.

5. Conclusions

In conclusion, the present retrospective single-center study indicates that different
methods for calculating RPADI are not interchangeable, and that the measurement method
and reference values should always be specified.

Author Contributions: Conceptualization, A.B. and L.V.; methodology, A.B.; software, A.B.; valida-
tion, E.N., E.B., and A.B.; formal analysis, A.B.; investigation, A.B. and E.N.; resources, E.B.; data
curation, A.B.; writing—original draft preparation, A.B.; writing—review and editing, A.B and E.N.;
visualization, A.B.; supervision, L.V.; project administration, A.B. All authors have read and agreed
to the published version of the manuscript.



Animals 2023, 13,418 11 of 12

Funding: This research received no external funding.

Institutional Review Board Statement: The protocol and study design were approved by the Ethical
Committee of the Department of Veterinary Sciences, University of Messina (Approval No. 59/2021).

Informed Consent Statement: All dogs’ owners were informed about the study aims and the clinical
procedures and provided a signed informed consent prior to enrolment.

Data Availability Statement: Data may be obtained by contacting the corresponding author.

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

References

1.  McCall, J.W.; Genchi, C.; Kramer, L.H.; Guerrero, J.; Venco, L. Heartwormdisease in animals and humans. Adv. Parasitol. 2008, 66,
193-285. [CrossRef]

2. Atwell, R.B.; Buoro, I.B.; Sutton, R.H. Experimental production of lesions In canine pulmonary arteries similar to those produced
by Dirofilaria immitis infection. Vet. Rec. 1985, 116, 539-541. [CrossRef] [PubMed]

3. Atwell, R.B,; Sutton, R.H.; Moodie, E.W. Pulmonary changes associated withdead filariae (Dirofilaria immitis) and concurrent
antigenic exposure in dogs. J.Comp. Pathol. 1988, 98, 349-361. [CrossRef] [PubMed]

4. Bowman, D.D.; Atkins, C.E. Heartworm biology, treatment, and control. Vet. Clin. N. Am. Small Anim. Pract. 2009, 39, 1127-1158.
[CrossRef]

5. Simon, E; Siles-Lucas, M.; Morchén, R.; Gonzalez-Miguel, J.; Mellado, I.; Carretdn, E.; Montoya-Alonso, J.A. Human and Animal
Dirofilariasis: The Emergence of a Zoonotic Mosaic. Clin. Microbiol. Rev. 2012, 25, 507-544. [CrossRef]

6.  Saouti, N.; Westerhof, N.; Postmus, P.E.; Vonk-Noordegraaf, A. The arterial load in pulmonary hypertension. Eur. Respir. Rev.
2010, 19, 197-203. [CrossRef] [PubMed]

7. Ghio, S.; Schirinzi, S.; Pica, S. Pulmonary arterial compliance: How and why should we measure it? Glob. Cardiol. Sci. Pract. 2015,
28, 58. [CrossRef] [PubMed]

8. Chemla, D,; Lau, EM.T; Papelier, Y.; Attal, P; Hervé, P. Pulmonary vascular resistance and compliance relationship in pulmonary.
Eur. Respir. ]. 2015, 46, 1178-1189. [CrossRef]

9.  Lankhaar, ].W.; Westerhof, N.; Faes, T.J.C.; Gan, C.T.J.; Marques, K.M.; Boonstra, A.; van den Berg, F.G.; Postmus, PE.; Vonk-
Noordegraaf, A. Pulmonary vascular resistance and compliance stay inversely related during treatment of pulmonary hyperten-
sion. Eur. Heart J. 2008, 29, 1688-1695. [CrossRef] [PubMed]

10. Dieffenbach, P.B.; Maracle, M.; Tschumperlin, D.]J.; Fredenburgh, L.E. Mechanobiological Feedback in Pulmonary Vascular
Disease. Front. Physiol. 2018, 9, 951. [CrossRef]

11.  Bouchard, A.; Higgins, C.B.; Byrd, B.F.; Amparo, E.; Osaki, L.; Axelrod, R. Magnetic resonance imaging in pulmonary arterial
hypertension. Am. J. Cardiol. 1985, 56, 938-942. [CrossRef] [PubMed]

12.  Bogren, H.G.; Klipstein, R.H.; Mohiaddin, R.H.; Firmin, D.N.; Underwood, S.R.; Rees, R.S.O. Pulmonary artery distensibility and
blood flow patterns: A magnetic resonance study of normal subjects and of patients with pulmonary arterial hypertension. Am.
Heart J. 1989, 11, 990-999. [CrossRef] [PubMed]

13. Sanz, J.; Kariisa, M.; Dellegrottaglie, S.; Prat-Gonzalez, S.; Garcia, M.].; Fuster, V. Evaluation of pulmonary artery stiffness in
pulmonary hypertension with cardiac magnetic resonance. JACC Cardiovasc. Imaging 2009, 2, 286-295. [CrossRef] [PubMed]

14. Forouzan, O.; Warczytowa, ].; Wieben, O.; Frangois, ].C.; Chesler, N.C. Non-invasive measurement using cardiovascular magnetic
resonance of changes in pulmonary artery stiffness with exercise. J. Cardiovasc. Magn. Reson. 2015, 17, 109. [CrossRef]

15. Pasierski, T.].; Starling, R.C.; Binkley, P.E; Pearson, A.C. Echocardiographic Evaluation of Pulmonary Artery Distensibility. Chest
1993, 103, 1080-1083. [CrossRef] [PubMed]

16. Malhotra, R.; Dhakal, B.P; Eisman, A.S.; Pappagianopoulos, P.P; Dress, A.; Weiner, R.B.; Baggish, A.L.; Semigran, M.].; Lewis,
G.D. Pulmonary Vascular Distensibility Predicts Pulmonary Hypertension Severity, Exercise Capacity, and Survival in Heart
Failure. Circ. Heart Fail. 2016, 9, 10. [CrossRef]

17.  Venco, L.; Mihaylovab, L.; Boon, J.A. Right Pulmonary Artery Distensibility Index (RPAD Index).A field study of an echocardio-
graphic method to detect earlydevelopment of pulmonary hypertension and its severityeven in the absence of regurgitant jets for
Doppler evaluationin heartworm-infected dogs. Vet. Parasitol. 2014, 206, 60—-66. [CrossRef]

18.  Vezzosi, T.; Marchesotti, E; Tognetti, R.; Venco, L.; Domenech, O. Comparison of two echocardiographic views for evaluating the
right pulmonary artery distensibility index in dogs. J. Vet. Intern. Med. 2015, 29, 426.

19. Visser, L.C.; Im, M.K,; Johnson, L.R.; Stern, ]J.A. Diagnostic value of right pulmonary artery distensibility index in dogs with
pulmonary hypertension: Comparison with Doppler echocardiographic estimates of pulmonary arterial pressure. J. Vet. Intern.
Med. 2016, 30, 543-552. [CrossRef]

20. Serrano-Parrefio, B.; Carretdn, E.; Caro-Vadillo, A.; Falcon-Cordon, Y.; Falcon-Cordon, S.; Montoya-Alonso, J.A. Evaluation of
pulmonary hypertension and clinical status in dogs with heartworm by right pulmonary artery distensibility index and other
echocardiographic parameters. Parasit. Vectors. 2017, 10, 106. [CrossRef]

21. Chan, I.P; Weng, M.C.; Hsueh, T.; Lin, Y.C.; Lin, S.L. Prognostic value of right pulmonary artery distensibility in dogs with

pulmonary hypertension. J. Vet. Sci. 2019, 20, e34. [CrossRef] [PubMed]


http://doi.org/10.1016/S0065-308X(08)00204-2
http://doi.org/10.1136/vr.116.20.539
http://www.ncbi.nlm.nih.gov/pubmed/3892873
http://doi.org/10.1016/0021-9975(88)90043-6
http://www.ncbi.nlm.nih.gov/pubmed/3392249
http://doi.org/10.1016/j.cvsm.2009.06.003
http://doi.org/10.1128/CMR.00012-12
http://doi.org/10.1183/09059180.00002210
http://www.ncbi.nlm.nih.gov/pubmed/20956192
http://doi.org/10.5339/gcsp.2015.58
http://www.ncbi.nlm.nih.gov/pubmed/26779530
http://doi.org/10.1183/13993003.00741-2015
http://doi.org/10.1093/eurheartj/ehn103
http://www.ncbi.nlm.nih.gov/pubmed/18349027
http://doi.org/10.3389/fphys.2018.00951
http://doi.org/10.1016/0002-9149(85)90408-4
http://www.ncbi.nlm.nih.gov/pubmed/4072927
http://doi.org/10.1016/0002-8703(89)90235-4
http://www.ncbi.nlm.nih.gov/pubmed/2816711
http://doi.org/10.1016/j.jcmg.2008.08.007
http://www.ncbi.nlm.nih.gov/pubmed/19356573
http://doi.org/10.1186/s12968-015-0213-2
http://doi.org/10.1378/chest.103.4.1080
http://www.ncbi.nlm.nih.gov/pubmed/8131442
http://doi.org/10.1161/CIRCHEARTFAILURE.115.003011
http://doi.org/10.1016/j.vetpar.2014.08.016
http://doi.org/10.1111/jvim.13911
http://doi.org/10.1186/s13071-017-2047-2
http://doi.org/10.4142/jvs.2019.20.e34
http://www.ncbi.nlm.nih.gov/pubmed/31364319

Animals 2023, 13,418 12 of 12

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Roels, E.; Merveille, A.C.; Moyse, E.; Gomart, S.; Clercx, C.; Mc Entee, K. Diagnostic value of the pulmonary veinto-right
pulmonary artery ratio in dogs with pulmonary hypertension of precapillary origin. J. Vet. Cardiol. 2019, 24, 85-94. [CrossRef]
Falcon-Cordon, Y.; Montoya-Alonso, J.A.; Caro-Vadillo, A.; Matos-Rivero, J.I.; Carreton, E. Persistence of pulmonary endarteritis
in canine heartworm infection 10months after the eradication of adult parasites of Dirofilaria immitis. Vet. Parasitol. 2019, 273, 1-4.
[CrossRef] [PubMed]

Maerz, I. Clinical and diagnostic imaging findings in 37 rescued dogs with heartworm disease in Germany. Vet. Parasitol. 2020,
283,109156. [CrossRef] [PubMed]

Birettoni, F.; Caivano, D.; Patata, V.; Moise, N.S.; Guglielmini, C.; Rishniw, M.; Porciello, F. Canine pulmonary vein-to-pulmonary
ratio: Echocardiographic technique and reference intervals. J. Vet. Cardiol. 2016, 18, 326-335. [CrossRef]

Revel, M.P; Faivre, ].B.; Remy-Jardin, M. Pulmonary hypertension: ECG-gated 64-section CT angiographic evaluation of new
functional parameters as diagnostic criteria. Radiology 2009, 250, 558-566. [CrossRef]

Visser, L.C.; Wood, ].E.; Johnson, L.R. Survival characteristics and prognostic importance of echocardiographic measurements of
right heart size and function in dogs with pulmonary hypertension. J. Vet. Intern. Med. 2020, 34, 1-10. [CrossRef]

Thomas, W.P.; Gaber, C.E.; Jacobs, G.J. Recommendations for standards in transthoracic two-dimensional echocardiography in
the dog and cat. Echocardiography Committee of the Specialty of Cardiology, American College of Veterinary Internal Medicine.
J. Vet. Intern. Med. 1993, 7, 247-252. [CrossRef]

Lang, R.M.; Badano, L.P.; Mor-Avi, V.; Afilalo, J.; Armstrong, A.; Ernande, L.; Flachskampf, FA.; Foster, E.; Goldstein, S.A;
Kuznetsova, T.; et al. Recommendations for cardiac chamber quantification by echocardiography in adults: An update from the
American Society of Echocardiography and the European Association of Cardiovascular Imaging. J. Am. Soc. Echocardiogr. 2008,
28, 1-39. [CrossRef]

Ludbrook, J. Statistical techniques for comparing measures and methods of measurement: A critical review. Clin. Exp. Pharmacol.
Physiol. 2002, 29, 527-536. [CrossRef]

Franco, F.; Di Napoli, A. Valutazione della concordanza tra misurazioni di caratteri di tipo quantitativo: Il metodo di Bland-Altman.
G. Tec. Nefrol. Dial. 2017, 29, 59. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.jvc.2019.06.001
http://doi.org/10.1016/j.vetpar.2019.07.008
http://www.ncbi.nlm.nih.gov/pubmed/31442886
http://doi.org/10.1016/j.vetpar.2020.109156
http://www.ncbi.nlm.nih.gov/pubmed/32526608
http://doi.org/10.1016/j.jvc.2016.07.004
http://doi.org/10.1148/radiol.2502080315
http://doi.org/10.1111/jvim.15826
http://doi.org/10.1111/j.1939-1676.1993.tb01015.x
http://doi.org/10.1016/j.echo.2014.10.003
http://doi.org/10.1046/j.1440-1681.2002.03686.x
http://doi.org/10.33393/gcnd.2017.622

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

