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Simple Summary: Our study addresses a significant challenge in veterinary cardiology by improving
the measurement of mitral regurgitation severity in dogs with myxomatous mitral valve disease,
the most prevalent heart condition in dogs, particularly affecting breeds like Cavalier King Charles
Spaniels and Chihuahuas. An accurate assessment of mitral regurgitation severity helps refine
treatment decisions and disease monitoring, but the simple and reliable standard method still
needs to be improved. This study evaluated 124 client-owned dogs using the proximal isovelocity
surface area radius method (PISA-r). Our findings demonstrate that this measurement is accurate
and consistent. We established specific threshold values for PISA-r important for determining the
disease stage and making informed treatment choices. Notably, this measurement correlates strongly
with other heart measurements, such as the left atrium size and left ventricular internal diameter,
indicating its comprehensive assessment capability. The proximal isovelocity surface area radius
increases significantly with disease progression. Statistical analysis confirms a high accuracy in
classifying disease stages, with excellent sensitivity and specificity. Moreover, the PISA-r method
exhibits excellent repeatability and reproducibility. Our research suggests that the PISA-r method is a
valuable tool for diagnosing and managing dogs with myxomatous mitral valve disease.

Abstract: Mitral regurgitation (MR) resulting from myxomatous mitral valve disease (MMVD)
is a prevalent condition in dogs, particularly smaller breeds like Cavalier King Charles Spaniels
(CKCSs) and Chihuahuas (CHHs). An accurate assessment of MR severity is essential for effective
treatment and disease monitoring, yet a standardized method has yet to be established. In this
retrospective study, we evaluated 124 client-owned dogs diagnosed with MMVD, including 64
CKCSs and 60 CHHs. Dogs were categorized into three stages: asymptomatic (B1), remodeled
(B2), and congestive heart failure (CHF, C). The MR severity was quantified using the proximal
isovelocity surface area (PISA) method, specifically focusing on the PISA radius (PISA-r). The
PISA-r measurements exhibited significant increases across disease stages and demonstrated strong
correlations with echocardiographic parameters (ranging from 0.83 to 0.94), including the left atrial
size and left ventricular internal diameter. The receiver operating characteristic (ROC) curve analysis
revealed the high sensitivity and specificity of PISA-r in classifying disease stages, establishing
optimal cut-off values. The method displayed excellent repeatability (interobserver variability: 0.95)
and reproducibility (intraobserver variability: 0.97). In conclusion, the PISA method, specifically
PISA-r, was reliable for assessing MR severity in dogs with MMVD. By simplifying the diagnosis
and management of MR, this research can potentially improve the life and management of MMVD-
affected dogs.

Keywords: canine; degenerative mitral valve disease; dog; echocardiography; heart
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1. Introduction

Myxomatous mitral valve disease (MMVD) is a leading cause of heart failure and
cardiac death in middle-aged and older small to medium-sized dog breeds (<20 kg) [1]. The
disease has a reported prevalence of 3.5% in dogs attending veterinary practices in England
and is the third most common cause of death in dogs under 10 years of age [2,3]. Among all
dog breeds, Cavalier King Charles Spaniels (CKCSs) are particularly susceptible to MMVD
associated with mitral prolapse, with the disease often clinically evident at a younger age
compared to other breeds. Chihuahuas (CHHs) are also predisposed to MMVD, but the
disease typically appears later in life compared to its earlier onset in CKCSs [3–10].

Myxomatous changes to the mitral valve (MV) result in inadequate closure during
systole, leading to a regurgitant blood flow jet from the left ventricle (LV) to the left atrium
(LA). The progression of the valvular disease leads to eccentric hypertrophy, mitral annular
dilation, and remodeling of the LA and LV as a compensatory response to the regurgitated
volume [11]. Left-sided volume overload is the main clinical complication, leading to
left-sided systolic congestive heart failure (CHF) associated with postcapillary pulmonary
hypertension [1,12].

Administering pimobendan to dogs in the preclinical B2 stage of MMVD has been
shown to extend the preclinical period and delay the onset of congestive heart failure or
cardiac-related death [13]. Determining the optimal time to initiate treatment depends
on the early detection of MMVD-associated MV lesions, assessing the severity of mitral
regurgitation (MR), and evaluating its impact on cardiac remodeling [11]. Color Doppler
echocardiography is commonly used to diagnose MR, while linear measurements from
two-dimensional echocardiography are used to stage the disease by assessing LA and LV
chamber sizes in dogs [1]. Volumetric methods are recommended in human medicine using
the proximal isovelocity surface area (PISA) method [14,15]. This method has also shown
superior results in evaluating MR severity in dogs compared to linear measurements [16].
While there are only a few studies on the use of the PISA method in dogs, it has been used
to calculate the regurgitant fraction (RgF), effective regurgitation orifice area (EROA), and
the ratio of MR to aortic flow rate (Qmr:Qao) in dogs [16–22].

The PISA method is recommended for evaluating MR severity in human cardiology,
measuring EROA and the regurgitant volume (RgV) to assess lesion severity and volume
overload, respectively [14,15,23]. This method utilizes a hydrodynamic principle where
blood flow gradually increases as it approaches a circular hole [24]. The PISA refers to the
aliasing hemisphere visible adjacent to the regurgitant orifice on the ventricular side, with
a larger PISA indicating a larger regurgitant orifice. While the PISA method has shown
potential in assessing dogs with MMVD [16–22], the current standard for evaluating MR
severity in veterinary medicine is still based on measuring LA and LV sizes [11]. However,
these measurements are not intended to assess the severity of MR, as severe MR can occur
even in dogs with normal-sized LA and LV. While MMVD is the most common cause of MR
in dogs, other conditions, such as endocarditis and dysplasia, can also lead to MR. Other
methods, including those described by Laoruche-Lebel et al. (2019) and Muzzi et al. (2003),
are used to evaluate MR severity [16,25–27]. The PISA method may be less commonly used
due to its perceived complexity and lack of documentation in the veterinary literature [16].

A simplified PISA method based on measuring only the radius of the proximal isove-
locity surface area (PISA-r) has been validated in human medicine and is recommended by
the American Society of Echocardiography [28–30]. However, the potential contribution of
PISA-r to assessing MR severity in dogs has yet to be investigated or validated.

This study aims to (1) evaluate the severity of MR in dogs with MMVD using echocar-
diographic derived PISA-r, (2) establish PISA-r cut-off values for the different stages of
MMVD severity in accordance with the American College of Veterinary Internal Medicine
(ACVIM) classification, and (3) investigate the relationship between PISA-r and key echocar-
diographic measurements, including the normalized left ventricular internal diameter in
diastole (LVIDdN), the left atrium-to-aorta ratio (LA/AO), and the left atrium maximum
volume (LAmax), in CKCSs and CHHs at various stages of MMVD [1].
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2. Animals, Materials and Methods

This retrospective study was conducted at the University Hospital for Companion
Animals, University of Copenhagen in 2020. The Ethical and Administrative Committee
approved the study at the Department of Veterinary Clinical Sciences, University of Copen-
hagen, Denmark (EAU, 2019-19). Cavalier King Charles Spaniels and CHHs with and
without MMVD were included from the Veterinary Teaching Hospital cardiac examination
database and grouped according to the ACVIM staging system as described below.

2.1. Animals

Controls (Stage A) included CKCSs and CHHs with normal cardiac size and function
and no detectable MR on color Doppler or a structural MV abnormality [1,31]. Dogs
included as controls furthermore had to have an unremarkable medical history.

Stage B1 included dogs with MR that met either or both of the following criteria:
LVIDdN < 1.7 or LA/Ao < 1.6.

Stage B2 included dogs with MR that met the criteria: LVIDdN ≥ 1.7 and LA/Ao ≥ 1.6.
Furthermore, no clinical signs or presence of CHF were present in dogs in stages B1

and B2 [1,31].
Stage C included dogs with MR that met the criteria of LVIDdN ≥ 1.7 and LA/

Ao ≥ 1.6, and the findings were supported by clinical signs consistent with congestive
heart failure, i.e., acute tachypnea, coughing, exercise intolerance, and abnormal thoracic
auscultation with evidence of pulmonary edema on thoracic radiographs or lung ultra-
sounds showing more than 3 B-lines per view in several areas or a clinical response to
diuretic treatment. A treatment protocol including furosemide before echocardiography
was not an exclusion criterion.

Diagnostic criteria for MMVD included a left apical systolic murmur and MR detected
on color Doppler in connection with thickened or prolapsed MV leaflets [32].

Inclusion in the study required a medical record and echocardiographic examination
of sufficient quality (2D, M-mode, and Doppler studies), including the left apical four-
chamber color Doppler cine loop of the MV. Furthermore, dogs with flail valve, multiple
PISAs, evidence of other non-MMVD heart disease, or comorbidities that could affect the
hemodynamic response (e.g., hypertension (>180 mmHg), primary respiratory disease, or
kidney disease) could not be included in the study [15,33].

Cavalier King Charles Spaniels and CHHs meeting the inclusion criteria were ret-
rospectively recruited from the database starting from 2020 and going backwards until
a minimum of 15 CKCSs and 15 CHHs were recruited in each of the four groups. The
clinically healthy dogs included in the control group (stage A) had an echocardiographic
examination as a part of an established national screening program (CKCSs) or participated
in a previous study group (all CHHs and some CKCSs) [34].

The heart rate for all dogs was obtained from the clinical medical record during the clinical
examination after acclimatization. Auscultation and palpation over 30 s were performed to
ensure consistency and avoid variations caused by echocardiographic procedures.

2.2. Echocardiography

All echocardiographic examinations were performed by experienced operators using
a General Electric Vivid E9 ultrasonographic system with a 6S multi-frequency phased
array probe. Raw data from all dogs were captured digitally for subsequent offline analysis
using the EchoPac PC software (version 204, GE Medical Systems). Echocardiography was
performed with simultaneous ECG, and all echocardiographic measurements were taken
from three consecutive heart cycles and averaged.

Transthoracic echocardiographic views were performed based on the standardized
imaging planes and display conventions recommended by Thomas et al. (1993). The
right parasternal and left apical parasternal locations were utilized to obtain consistent
two-dimensional images [35].
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PISA-r was measured using color flow Doppler from the apical four-chamber view.
The view was initially focused on the MV region to obtain an optimal mitral regurgitant
orifice. This view was magnified to identify the flow convergence region proximal to the
regurgitant orifice. The baseline of the color flow scale was then shifted so that the Nyquist
limit (or aliasing velocity) was decreased to a value of 35 cm/s in the flow direction by
shifting the baseline of the color flow scale. This baseline shift was performed to visualize
the hemispheric shell accurately, as described in the human literature [15]. Color flow was
turned on and off to help identify the valve orifice. The PISA radius (r) was measured at
mid-systole from the valve orifice to the point of color change (Figure 1) [24].
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Figure 1. Schematic illustration of mitral regurgitation with PISA and the regurgitant jet in the left
atrium. As regurgitant blood approaches the mitral orifice, the flow velocity increases. The flow
forms a hemisphere with multiple distinct layers, each having an equal velocity (color coded). The
PISA radius (PISA-r) is shown as a black bar. LA (left atrium); LV (left ventricle); RA (right atrium);
RV (right ventricle).

Continuous-wave Doppler was used to measure the maximal velocity of the regurgitant
jet (Vmax) and the velocity–time integral. The PISA, EROA, and RgV were calculated, and RgF
was then calculated by dividing the RgV by the stroke volume (Figure 2A–D) [13,21,22,29].
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Figure 2. Measurement of the proximal isovelocity surface area (PISA) radius. Activate color Doppler
and focus on the mitral valve (A). Zoom in and set the aliasing velocity to 35 cm/s, freeze the image,
and scroll to mid-systole (B). Turn off the color Doppler to identify the valve orifice plane (C). Measure
the PISA radius from the valve orifice to the dome of the hemisphere (D).

The dimensions of the LV cavity and wall thicknesses were measured using the
leading edge-to-leading edge method on an M-mode view, guided at the level of the
chordae tendineae in the right parasternal short-axis view [36]. The fractional shortening
% (FS) and LVIDdN were automatically calculated from measurements of the LV internal
dimensions in diastole (LVIDd) [37]. The left ventricle internal dimension in diastole was
also measured in the 2D long-axis view to assess for potential off-axis bias. Inconsistency
in measurements between the two views resulted in re-evaluating the patient’s LVIDd. If
the off-axis bias was > 10%, the LVIDd from the 2D long-axis view was used.

The LA/Ao was measured according to the Swedish method [38], maximal and
minimal LA volumes were measured using the biplane area–length method on the apical
four-chamber view from the left side [34], and maximal LV and minimal LV volumes were
measured using the monoplane Simpson’s method of discs (SMOD) performed on the
apical four-chamber view from the left side [39]. The ejection fraction % (EF) and stroke
volume (SV) were automatically calculated using the LV internal volume measurements.

The peak transmitral velocities (E and A) and aortic flow were assessed using pulsed-
wave Doppler echocardiography from the apical four-chamber and five-chamber views.
The peak velocity of the MR and tricuspid regurgitation (TR) were measured using
continuous-wave Doppler (CWD) [40].

2.3. Statistical Analysis

All statistical analyses were performed using R version 4.3.0 (R core team 2023) [41].
The clinical and echocardiographic data collected from the dogs were presented as a
medians with 2.5–97.5 percentiles. A p-value of <0.05 was considered statistically significant.
The Kruskal–Wallis test was used to assess overall statistical significance between groups,
whereas pairwise comparisons were performed using the Wilcoxon signed-rank test.

Correlations (r) (Pearson’s coefficient and linear regression) between PISA-r and the LA
volume, LVIDdN, and LA/Ao were examined visually using scatter plots and statistically
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by linear regression. The correlation was considered perfect if the correlation coefficient
was 1, strong between 0.7 and 0.9, moderate between 0.4 and 0.6, and weak < 0.3 [42].

Receiver operating characteristic (ROC) analyses were used to describe the ability of
PISA-r to differentiate dogs in stage B2 from those in stage B1 and dogs in stage C from
those in stage B2. ROC analyses were also performed to compare the additional clinical
parameters, i.e., PISA-r, EROA, RgV, RgF, and LAmax (mL/kg). The overall ability of each
parameter to correctly group the animals was assessed using the area under the curve
(AUC). An AUC between 0.90 and 1 was excellent, while 0.80–0.90 was good, 0.70–0.80
was fair, and 0.60–0.70 was poor [43]. Sensitivity and specificity were calculated, and
cut-off values were estimated for each parameter. The highest value when summarizing
the specificity and sensitivity for each cut-off value was reported (Youden index).

Inter- and intraobserver variabilities for PISA-r were tested using the intraclass correla-
tion coefficient (ICC). Two dogs from each MMVD group (a total of 12 dogs) were randomly
selected, and PISA-r was measured by the original operator and a second operator to deter-
mine the interobserver variability. The original operator repeated the exact measurements
a second time a week later to assess the intraobserver measurement variability [44,45]. A
correlation coefficient greater than 0.8 indicates excellent agreement [46].

3. Results

A total of 146 client-owned dogs were evaluated in this study: 74 CKCSs and 72 CHHs.
Of these, 22 dogs (15.1%) were excluded from the study based on the exclusion criteria,
including 17 due to a comorbidity, 4 with more than one PISA jet, and 1 with a flail valve
(Figure 3).
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Figure 3. Flowchart of patient enrolment. An initial 146 Cavalier King Charles Spaniels (CKCSs) and
Chihuahuas (CHHs) were included in the study. A total of 22 dogs were excluded, leaving 64 CKCSs
and 60 CHHs for the final analysis.

The inclusion criteria were therefore met by 124 (84.9%) of the 146 dogs that were
included in this retrospective study. Of these, 64 were CKCSs, and 60 were CHHs. The
study population included 92 dogs diagnosed with MMVD and 32 healthy control dogs.
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According to the ACVIM classification system, 17 CKCSs and 15 CHHs were classified as
asymptomatic (stage B1), 15 CKCSs and 14 CHHs were classified as remodeled (stage B2),
and 15 CKCSs and 16 CHHs were classified with CHF (stage C) (Tables 1 and 2). Median es-
timates along with 2.5–97.5 percentiles of clinical characteristics are given in Tables 1 and 2.
The control dogs were significantly younger and weighed less than the dogs in the other
groups. Most control dogs were female (24 compared to 8), and most dogs with MMVD
were male (61 compared to 31). Heart rate was significantly increased in dogs with stage C
MMVD compared to the control dogs.

Table 1. Demographic and echocardiographic variables of 64 Cavalier King Charles Spaniel dogs.
A total of 17 control dogs and 47 dogs affected with myxomatous mitral valve disease at different
stages (B1, B2, and C) were included.

Control CKCSs
(N = 17)

CKCSs with MMVD B1
(N = 17)

CKCSs with MMVD B2
(N = 15)

CKCSs with MMVD C
(N = 15) p

On treatment at
presentation (nb) 0 (0.0%) 5 (29.4%) 6 (40.0%) 14 (93.3%) -

Age (years) 2.0 (1.0–4.4) a 6.0 (3.2–11.5) b 8.5 (6.6–10.1) b 9.0 (6.4–12.1) b <0.001
Male/
Female (nb) 3 (17.6%)/14 (82.4%) 11 (64.7%)/6 (35.3%) 9 (60.0%)/6 (40.0%) 11 (73.3%)/4 (26.7%) -

Body weight (Kg) 7.8 (5.0–10.5) a 11.3 (7.8–14.6) b 10.10 (7.3–11.9) b 9.2 (7.5–14.6) b <0.001
Heart rate 125 (100–148) a 140 (107–160) ab 140 (96–165) ab 156 (105–182) b <0.021
IVSd (mm) 6.36 (5.11–9.09) a 7.86 (6.45–10.73) b 7.33 (5.85–9.94) ab 6.68 (5.46–11.20) ab <0.001
LVIDd (mm) 24.94 (20.40–29.13) a 32.51 (22.50–36.20) b 38.18 (31.20–45.34) bc 42.82 (33.00–50.25) c <0.001
LVPWd (mm) 6.52 (4.76–7.00) a 7.17 (4.99–9.33) b 7.27 (5.70–8.57) b 7.34 (5.11–9.10) b 0.002
IVSs (mm) 8.33 (6.19–11.02) a 10.33 (7.99–12.49) b 10.14 (7.90–14.16) b 11.32 (8.66–14.70) b <0.001
LVIDs (mm) 16.24 (10.80–20.90) a 20.14 (11.93–22.36) ab 23.00 (16.31–31.00) b 24.33 (15.72–29.30) b <0.001
LVPWs (mm) 9.67 (6.88–11.82) a 10.97 (8.61–14.52) b 12.00 (8.70–15.10) b 11.95 (8.92–14.70) b <0.001
LV FS (%) 34.3 (21.7–50.9) a 37.2 (32.2–51.3) a 40.0 (32.0–51.2) ab 44.7 (32.7–54.4) b 0.012
LVIDdN 1.34 (1.13–1.58) a 1.56 (1.23–1.71) a* 2.01 (1.71–2.31) b* 2.22 (1.74–2.54) b <0.001
LVEDV (mL) 12.00 (7.87–16.53) a 21.33 (12.47–25.20) a 31.00 (24.00–56.10) b 39.00 (25.25–56.55) b <0.001
LVEDV (mL/kg) 1.57 (1.02–2.04) a 1.75 (1.31–2.41) a 3.70 (2.60–5.10) b 3.89 (2.49–6.26) b <0.001
LVESV (mL) 3.33 (2.00–6.73) a 6.00 (2.53–7.33) a 9.00 (4.01–19.00) b 9.33 (3.95–15.10) b <0.001
LVESV (mL/kg) 0.46 (0.21–0.80) a 0.53 (0.29–0.65) a 1.03 (0.48–2.10) b 0.93 (0.46–1.63) b <0.001
LV EF (%) 71.1 (57.1–79.1) a 70.2 (60.1–82.8) ab 72.0 (49.1–86.0) ab 76.1 (66.6–84.7) b 0.170
LA max (mL) 5.32 (2.63–6.65) a 11.77 (4.32–18.26) ab 32.00 (17.12–53.00) bc 49.00 (30.72–86.15) c <0.001
LA max (mL/kg) 0.62 (0.36–0.97) a 1.02 (0.46–1.54) a 3.37 (2.16–5.04) b 4.75 (2.99–8.23) c <0.001
LA min (mL) 1.56 (0.88–2.60) a 3.79 (1.52–6.05) a 13.80 (5.12–24.78) b 28.31 (15.60–52.90) c <0.001
LA min (mL/kg) 0.22 (0.13–0.33) a 0.34 (0.15–0.53) a 1.57 (0.60–2.23) b 3.02 (1.32–4.96) c <0.001
LA/Ao 1.23 (1.00–1.36) a 1.38 (1.18–1.70) a* 1.73 (1.62–2.40) b* 2.25 (1.73–2.94) b <0.001
PISA-r (mm) - - 3.07 (1.56–5.32) a 5.84 (4.00–6.50) b 8.00 (6.35–10.78) c <0.001
MRVTI (cm) - - 88.90 (50.58–114.99) a 98.4 (80.60–127.00) b 74.43 (57.77–95.77) a 0.002
Peak MR (m/s) - - 5.88 (5.26–7.06) a 5.80 (5.28–6.38) a 5.34 (1.60–5.97) b 0.012
EROA (cm2) - - 0.034 (0.009–0.11) a 0.15 (0.08–0.23) b 0.27 (0.17–0.46) b <0.001
RgV (mL) - - 3.18 (0.51–9.44) a 11.8 (6.35–20.00) b 21.00 (12.33–34.65) c <0.001
RgF (%) - - 21.6 (5.8–54.8) a 50.0 (33.0–83.0) b 70.0 (54.4–94.0) c <0.001
Peak E (m/s) 0.67 (0.51–0.86)a 0.80 (0.58–0.95) a 1.47 (1.16–1.71) b 1.75 (1.17–2.21) c <0.001

Peak TR (m/s) * - - 2.31 (2.0–2.80) a

n = 12 2.87 (2.06–3.11) ab

n = 12 3.26 (2.81–4.06) b

n = 14 <0.001

Numerical data are presented as medians with 2.5–97.5 percentiles. Different letters in the same row represent a
statistical difference. Note: LVIDdN and LA/Ao were used to subclassify dogs with MMVD stage B to stages
B1 and B2. The statistically significant difference between these measurements was caused by bias. * Reduced
number of dogs. Ao (aorta); EF (ejection fraction); EROA (effective regurgitation orifice area); FS (fractional
shortening); IVSd (interventricular septal thickness at end-diastole); IVSs (interventricular septal thickness at
end-systole); LA (left atrium); LAmax (maximal volume of the left atrium); LV (left ventricle); LVEDV (left
ventricular end-diastolic volume); LVESV (left ventricular end-systolic volume); LVIDd (left ventricular internal
diameter in diastole); LVIDs (left ventricular internal diameter in systole); LVIDdN (normalized left ventricular
internal diameter in diastole); LVPWd (left ventricular posterior wall at end-diastole); LVPWs (left ventricular
posterior wall at end-systole); MMVD (myxomatous mitral valve disease); MR (mitral regurgitation); MRVTI
(mitral regurgitation velocity time integral); MV (mitral valve); PISA (proximal isovelocity surface area); RgF
(regurgitant fraction); RgV (regurgitant volume); TR (tricuspid regurgitation).

Five of the 17 CKCSs (29.4%) and five of the 15 CHHs (33.3%) in stage B1, as well as six
of the 15 CKCSs (40.0%), and four of the 14 CHHs (28.6%) in stage B2, were being treated
with pimobendan at presentation. All the CKCSs (100%) and ten out of 15 CHHs (66.6%)
in stage C were treated with pimobendan alone or in combination with an angiotensin-
converting enzyme (ACE) inhibitor and spironolactone at presentation (Tables 1 and 2).
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Table 2. Demographic and echocardiographic characteristics of 60 Chihuahua dogs. A total of
15 control dogs and 45 dogs affected with myxomatous mitral valve disease at different stages (B1,
B2, and C) were included.

Control CHHs (N = 15) CHHs with MMVD B1
(N = 15)

CHHs with MMVD B2
(N = 14)

CHHs with MMVD C
(N = 16) p

On treatment at
presentation (nb) 0 (0.0%) 5 (33.3%) 4 (28.6%) 10 (62.5%) -

Age (years) 2.5 (0.9–8.0) a 9.5 (6.0–11.3) b 11.0 (8.7–16.4) c 10.0 (6.4–14.5) bc <0.001
Male/
Female (nb) 5 (33.3%)/10 (66.6%) 9 (60.0%)/6 (40.0%) 9 (64.3%)/5 (35.7%) 12 (75.0%)/4 (25.0%) -

Body weight (kg) 2.3 (1.7–3.3) a 3.2 (2.0–4.6) ab 3.2 (2.1–5.0) b 4.3 (2.1–5.6) b <0.001
Heart rate 118 (84–146) a 140 (107–158) a 136 (103–167) a 155 (112–204) b <0.001
IVSd (mm) 4.51 (3.66–5.61) a 5.03 (3.21–6.77) a 4.95 (3.64–6.20) a 5.00 (3.56–6.75) a 0.444
LVIDd (mm) 18.02 (14.66–20.83) a 21.00 (17.43–24.65) b 26.00 (23.14–30.43) c 30.00 (23.46–39.39) d <0.001
LVPWd (mm) 4.73 (3.33–5.75) a 4.40 (3.16–5.98) a 5.35 (3.48–6.61) a 5.64 (3.54–6.58) a 0.037
IVSs (mm) 6.32 (5.14–9.60) a 7.36 (6.06–10.30) ab 8.81 (6.95–10.40) b 9.94 (6.33–11.02) b <0.001
LVIDs (mm) 11.04 (8.15–12.45) a 11.33 (8.23–15.67) ac 13.57 (10.29–18.18) bc 14.68 (10.12–22.14) b <0.001
LVPWs (mm) 7.55 (6.34–8.82) a 8.00 (6.41–10.00) ab 9.00 (7.61–11.32) b 9.12 (6.43–10.78) b <0.002
LV FS (%) 41.5 (27.0–52.0) a 47.2 (33.9–54.9) a 48.6 (36.0–59.1) a 47.8 (34.9–62.9) a 0.084
LVIDdN 1.38 (1.20–1.58) a 1.59 (1.20–1.70) a* 1.86 (1.70–2.07) b* 2.00 (1.72–2.57) b <0.001
LVEDV (mL) 4.00 (3.00–7.00) a 7.33 (4.00–10.20) ab 11.00 (6.55–18.90) bc 13.17 (8.12–30.00) c <0.001
LVEDV (mL/kg) 1.62 (1.11–3.23) a 2.22 (1.28–2.79) a 3.61 (2.17–4.91) b 4.22 (2.22–6.46) b <0.001
LVESV (mL) 1.00 (1.00–2.00) a 1.67 (1.00–3.43) ab 2.00 (1.00–3.23) b 3.00 (1.00–7.25) b 0.001
LVESV (mL/kg) 0.53 (0.31–1.02) a 0.54 (0.31–0.99) a 0.63 (0.36–1.12) a 0.73 (0.36–1.69) a 0.208
LV EF (%) 70.0 (60.9–81.7) a 75.0 (63.6–85.5) ab 82.9 (64.7–88.8) b 82.7 (71.0–88.6) b <0.001
LA max (mL) 1.75 (0.76–2.34) a 3.61 (1.98–7.12) a 7.69 (5.25–17.59) b 15.00 (7.85–34.25) c <0.001
LA max (mL/kg) 0.72 (0.44–1.08) a 1.16 (0.71–1.85) a 2.68 (1.35–4.34) b 4.26 (1.68–7.80) c <0.001
LA min (mL) 0.47 (0.20–0.86) a 0.82 (0.55–2.27) a 2.40 (1.42–7.50) b 5.62 (2.18–18.17) b <0.001
LA min (mL/kg) 0.19 (0.12–0.42) a 0.26 (0.16–0.54) a 0.85 (0.32–2.24) b 1.68 (0.46–3.91) b <0..001
LA/Ao 1.23 (0.96–1.36) a 1.36 (1.15–1.50) a* 1.84 (1.64–2.41) b* 2.52 (1.73–3.44) c <0.001
PISA-r (mm) - - 2.15 (1.67–3.40) a 3.38 (2.59–5.48) b 6.00 (4.00–7.73) c <0.001
MRVTI (cm) - - 81.90 (43.25–101.99) a 89.28 (67.86–124.41) a 74.58 (55.50–92.63) b 0.016
Peak MR (m/s) - - 6.14 (4.75–6.64) a 576.50 (450.38–640.13) a 567.50 (439.13–648.13) a 1.115
EROA (cm2) - - 0.017 (0.010–0.039) a 0.051 (0.025–0.12) b 0.17 (0.02–0.20) b <0.001
RgV (mL) - - 1.26 (0.65–3.42) a 4.43 (2.18–10.06) b 10.96 (4.02–17.63) c <0.001
RgF (%) - - 30.1 (14.4–46.3) a 56.0 (29.3–84.6) b 80.0 (46.5–100.0) c <0.001
Peak E (m/s) 0.64 (0.50–0.76) a 0.86 (0.63–1.02) a 1.29 (0.74–1.76) b 1.72 (1.19–2.09) c <0.001

Peak TR (m/s) * - - 2.76 (2.23–3.93) a n = 4 2.74 (2.2–3.68) a n = 9 3.31 (2.0–4.61) a

n = 13 <0.001

Numerical data are presented as medians with 2.5–97.5 percentiles. Different letters in the same row represent a
statistical difference. Note: LVIDdN and LA/Ao were used to subclassify dogs with MMVD stage B in stages B1
and B2. The statistically significant difference between these measurements was caused by bias. * Reduced number
of dogs. Ao (aorta); EF (ejection fraction); EROA (effective regurgitation orifice area); FS (fractional shortening);
IVSd (interventricular septal thickness at end-diastole); IVSs (interventricular septal thickness at end-systole); LA
(left atrium); LAmax (maximal volume of the left atrium); LV (left ventricle); LVEDV (left ventricular end-diastolic
volume); LVESV (left ventricular end-systolic volume); LVIDd (left ventricular internal diameter in diastole);
LVIDs (left ventricular internal diameter in systole); LVIDdN (normalized left ventricular internal diameter
in diastole); LVPWd (left ventricular posterior wall at end-diastole); LVPWs (left ventricular posterior wall at
end-systole); MMVD (myxomatous mitral valve disease); MR (mitral regurgitation); MV (mitral valve); MRVTI
(mitral regurgitation velocity time integral); PISA (proximal isovelocity surface area); RgF (regurgitant fraction);
RgV (regurgitant volume); TR (tricuspid regurgitation).

The echocardiographic measurements are presented as medians with 2.5–97.5 per-
centiles in Tables 1 and 2. The PISA-r in CKCSs ranged from 1.50 mm to 11.20 mm and
from 1.66 mm to 8.12 mm in CHHs. The PISA-r increased significantly between stage B1
and B2 and between stage B2 and C for both breeds.

The PISA variables (EROA, RgV, and RgF) in stage B2 were significantly increased
compared to stage B1 for both breeds. There were also significant increases in RgV and RgF
for both CKCSs and CHHs in stage C compared to stage B2, as well as an increase in EROA
between stage B2 and stage C. However, this increase was not significant (Tables 1 and 2).

There were linear relationships between PISA-r and LVIDdN, LA/Ao, and LAmax
(mL), as described by the regression formulas (Figure 4). As LA/Ao, LVIDdN, and LAmax
increased, PISA-r increased linearly (p < 0.001, Figure 4). The correlation coefficients were
strong for all variables and varied from 0.83 to 0.94.

The ROC curve analyses for PISA-r were excellent for both CKCSs and CHHs (AUC:
93.10–96.75) when determining whether a dog was classified B1, B2, or C (Figure 5, Table 3).
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Figure 4. Linear regression models describing the relationships between PISA-r and LVIDdN, LA/AO
ratio, and LAmax (mL), respectively, in Cavalier King Charles Spaniels and Chihuahuas with myxo-
matous mitral valve disease stage B1, B2, and C. The dotted line defines the cut-off values for LVIDdN
(1.7) and LA/AO (1.6). B1 (stage B1); B2 (stage B2); C (stage C); CHH (Chihuahua); CKCS (Cavalier
King Charles Spaniel); LA/AO (ratio of the left atrium/aorta); LAmax (left atrium maximum volume);
LVIDdN (normalized left ventricular internal diameter in diastole); MR (mitral regurgitation); PISA-r
(radius of the proximal isovelocity surface area); r2 (coefficient of determination).
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Figure 5. Receiver operating characteristic (ROC) curves with PISA-r cut-off values to differentiate
dogs with stage B1 or stage B2 mitral valve disease and dogs with stage B2 or stage C mitral valve
disease based on the desired sensitivity and specificity. AUC (area under the curve); B1 (stage B1); B2
(stage B2); C (stage C); CKCS (Cavalier King Charles Spaniel); CHH (Chihuahua); PISA-r (radius of
the proximal isovelocity surface area).

The ROC curves effectively demonstrate the versatility of determining optimal
threshold settings. In the context of canine MMVD, the ROC analysis revealed that a
PISA-r < 6.57 mm, exhibiting a sensitivity of 92.86% and specificity of 100% in CKCSs,
along with a PISA-r < 5.66 mm, featuring a sensitivity of 86.67% and specificity of 100% in
CHHs represent the cut-off values with maximum sensitivity and specificity for excluding
congestive heart failure (CHF, stage C). Similarly, to exclude remodeling (stage B2) in
MMVD-afflicted dogs, the ROC analysis identified a PISA-r < 4.57 mm with a sensitivity of
91% and specificity of 94% in CKCSs, and a PISA-r < 2.42 mm with a sensitivity of 100%
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and specificity of 73% in CHHs (refer to Table 3 for a summary of cut-off values for indexed
LAmax (mL/kg), EROA, RgV, and RgF).

Table 3. Area under the curves and corresponding cut-off values of selected echocardiographic
variables in CKCS and CHH dogs to determine whether a dog was classified into MMVD stage B1
(A), stage B2 (B), or stage C (C).

AUC (%) 95% CI Cut-off Value Se (%) Sp (%) p

Control vs. MMVD stage B1
CKCS
LAmax (mL/kg) 86.33 (72.53–100.00) 0.80 82.35 88.24 <0.001
CHH
LAmax (mL/kg) 91.78 (80.70–100.00) 0.83 93.33 86.67 <0.001

MMVD stage B1 vs. stage B2
CKCS
PISA-r (mm) 95.19 (87.55–100.00) 4.57 90.91 94.12 <0.001
EROA (cm2) 95.99 (89.39–100.00) 0.090 90.91 94.12 <0.001
RgV (mL) 97.33 (92.25–100.00) 5.88 100.00 88.24 <0.001
RgF (%) 92.0 (81.3–100.0) 32.4 100.00 82.35 <0.001
LAmax (mL/kg) 100.00 (100.00–100.00) 1.97 100.00 100.00 <0.001
CHH
PISA-r (mm) 93.10 (83.61–100.00) 2.42 100.00 73.33 <0.001
EROA (cm2) 96.19 (90.30–100.00) 0.024 100.00 80.00 <0.001
RgV (mL) 96.67 (91.08–100.00) 2.73 92.86 93.33 <0.001
RgF (%) 92.3 (82.1–100.0) 38.0 92.86 80.00 <0.001
LAmax (mL/kg) 96.43 (90.54–100.00) 1.53 92.86 86.67 <0.001

MMVD stage B2 vs. stage C
CKCS
PISA-r (mm) 96.75 (89.96–100.00) 6.57 92.86 100.00 <0.001
EROA (cm2) 87.66 (74.19–100.00) 0.165 100.00 63.64 0.002
RgV (mL) 82.79 (66.69–98.89) 20.50 64.29 100.00 0.005
RgF (%) 79.6 (60.0–99.1) 52.0 100.00 63.64 0.013
LAmax (mL/kg) 87.34 (72.94–100.00) 4.27 78.57 90.91 0.002
CHH
PISA-r (mm) 95.24 (87.90–100.00) 5.66 86.67 100.00 <0.001
EROA (cm2) 82.62 (66.86–98.38) 0.134 60.00 100.00 0.003
RgV (mL) 88.10 (75.73–100.00) 9.55 73.33 92.86 <0.001
RgF (%) 81.0 (65.1–96.9) 67.5 80.00 78.57 0.005
LAmax (mL/kg) 75.71 (57.53–93.90) 4.21 60.00 92.86 0.018

p-values for the corresponding univariate regression models are shown. AUC (area under the curve); CKCS
(Cavalier King Charles Spaniel); CHH (Chihuahua); EROA (effective regurgitant orifice area); LA (left atrium);
LAmax (maximal volume of left atrium); MMVD (myxomatous mitral valve disease); PISA-r (radius of the
proximal isovelocity surface area); RgF (regurgitant fraction); RgV (regurgitant volume); Se (sensitivity);
Sp (specificity).

The ICC showed excellent repeatability and reproducibility for measuring PISA-r, as
the interobserver variability was 0.95 (0.84–0.99) and intraobserver variability was 0.97
(0.88–0.99).

4. Discussion

This retrospective study investigated using PISA-r to assess the severity of MR in
CKCSs and CHHs with MMVD. Previous studies have reported using the PISA method
to assess MR severity in dogs [18,19,22]. Our study revealed that PISA-r increases with
worsening disease severity, and linear relationships between PISA-r and LVIDdN, LA/Ao,
and LAmax (mL) were found. Cut-off values distinguishing stages B1 and B2, as well as
B2 and C, were established for PISA-r, EROA, RgV, RgF, and indexed LAmax (mL/kg) in
CHHs and CKCSs with MMVD.
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4.1. PISA and PISA-r

For both CKCSs and CHHs, PISA-r could differentiate MMVD stages (B1 vs. B2 and
B2 vs. C), and cut-off values with a high sensitivity and specificity were established for
both breeds (Table 3).

To further quantify MR severity in dogs with MMVD, the maximum and minimal
volumes of LV, velocity time integral of the MR, and maximal MR flow were measured and
used in the calculations of EROA, RgV, and RgF. Our findings suggest an increase in all
these variables with increasing MR severity. This is in accordance with similar findings
from previous studies [17,21,29].

PISA-r enables a rapid estimation of MR severity. PISA-r is measured and used in the
calculation of PISA, EROA, and RgV. However, PISA-r is often not reported or discussed in
studies evaluating MR severity. Assessing the severity through PISA-r makes it less pivotal
to measure and calculate the other parameters necessary to obtain EROA and RgV. PISA-r
is less time-consuming and avoids measurement errors that otherwise would be squared
due to the formulas used in the calculations.

The PISA method, despite being widely used in human cardiology and less in veteri-
nary medicine, has several limitations in the assessment of MR severity [16,19,47]. Firstly,
the PISA calculation assumes a hemispheric flow convergence zone, circular EROA, cen-
trally directed flow, a static mitral orifice shape, and a holosystolic regurgitation [14], which
often lead to an underestimation of the MR severity in cases where the orifice shape is
elliptical and not circular [48]. Moreover, the assumption of a static orifice shape is not valid
in cases of MV prolapse, where the shape is complex and dynamic, leading to difficulties in
determining the severity of MR [49]. Secondly, the limitations of PISA are compounded
when the hemisphere is incomplete due to flow restriction by the mitral leaflets or the
ventricular wall, leading to an overestimation of the MR severity. Additionally, the method
cannot be used in cases of multiple regurgitant orifices. In veterinary medicine, the use of
PISA to assess MR in dogs with MMVD has been found to be repeatable, reproducible, use-
ful, and correlated with disease severity [18,20,21,50]. However, the method is challenging
to utilize routinely due to difficulties in measurement and the requirement for high image
quality and offline analysis [16]. The PISA-r method can be a valuable adjunct to traditional
echocardiographic parameters for assessing MR severity in clinical practice. Its robust cor-
relations with key volumetric parameters such as LAmax, LA/AO, and LVIDdN enhance
diagnostic accuracy and inform treatment decisions. For instance, in cases where dogs
present with comorbidities such as pulmonary disease, e.g., airway obstruction, making it
difficult to distinguish the cause of dyspnea, PISA-r can provide an additional insight into
the underlying MR severity. Adopting PISA-r may represent a significant advancement
in MR evaluation, offering clinicians a valuable adjunctive tool to refine their diagnostic
approach and monitor and optimize patient care.

In general, dogs with MMVD are clinically classified according to the ACVIM guide-
lines, where LA/AO and LVIDdN are used to define cardiac remodeling. However, in this
classification scheme, dogs with mild, moderate, and severe MR may all be classified as
stage B2.

4.2. Clinical Evaluation

The clinical evaluation revealed a predominance of male dogs with MMVD, consistent
with findings from prior studies. Additionally, dogs with MMVD were significantly older
compared to control dogs (Tables 1 and 2), aligning with the well-established association
between MMVD prevalence and advancing age [50]. Notably, CKCSs exhibited an earlier
onset of MMVD, typically at three years of age, compared to CHHs at six years, consistent
with the existing literature [2,4–6].

Despite current recommendations advising against treatment for dogs classified as
stage B1, our study identified five CKCSs and five CHHs categorized as B1 who were
undergoing treatment with pimobendan upon presentation [1]. A subsequent review of
their medical records revealed that all these dogs had been previously diagnosed as stage
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B2 during an earlier echocardiographic assessment, prompting the initiation of treatment
in accordance with the guidelines. Notably, it has been demonstrated that pimobendan
treatment effectively reduces cardiac dimensions, suggesting that dogs initially diagnosed
as stage B2 may exhibit regression to stage B1 upon a subsequent echocardiographic
evaluation [13].

4.3. MR Severity

ROC curves were constructed to identify echocardiographic variables and help predict
a greater risk of remodeling (stage B2 vs. B1). PISA-r, LAmax (mL/kg), EROA, RgV,
and RgF were selected for the ROC analyses. All AUC values > 91.98% indicated a high
discriminatory ability (Figure 5 and Table 3). The current understanding regarding the
utility of PISA-r, EROA, RgV, and RgF cut-off values in identifying dogs at risk of future
left-sided heart enlargement remains less clear.

The risk of cardiac remodeling (i.e., the risk of being classified in stage B2) increases as
the PISA-r increases toward 5.8 mm, EROA toward 0.15 cm2, RgV toward 13.88 mL and
RgF toward 51.6% in the CKCSs. The same values for the CHHs are a PISA-r of 3.84 mm,
EROA of 0.068 cm2, RgV of 5.49 mL, and RgF of 57.3%. Therefore, measuring PISA-r, EROA,
RgV, or RgF in dogs with preclinical MMVD can aid in assessing MR severity, especially in
B2 dogs.

A diagnosis of CHF is normally based on a combination of clinical signs, including ex-
ercise intolerance, respiratory distress, tachypnea, coughing and moist respiratory sounds,
and radiographs showing pulmonary edema or B-lines on a lung ultrasound [51,52]. The
AUCs of PISA-r were 96.75% and 95.24%, differentiating stage C from stage B2 for CKCSs
and CHHs, respectively. A PISA-r of less than 6.50 mm (sensitivity of 92.86% and speci-
ficity of 100%) in CKCSs and less than 5.50 mm (sensitivity of 86.67% and specificity of
100%) in CHHs can, based on this study, be used as cut-off values for excluding CHF in
individual dogs. However, these cut-off values may not be pathophysiologically correct
due to variations in the individual dog’s capacity to compensate for MR and the speed at
which the disease progresses.

Compared to CHHs, the higher median mitral inflow E-wave velocity in CKCSs with
stage B2 MMVD reflects more advanced cardiac remodeling in CKCSs (Tables 1 and 2). The
CKCSs have larger LA volumes (3.37 mL/kg vs. 2.68 mL/kg) and higher LVIDdN (2.01 vs.
1.86), indicating higher LA pressure and volume overload due to more severe MR. This
results in elevated transmitral pressure gradients and higher E-wave velocities. With lower
velocities and lower minimum range values, CHHs may be in an earlier phase of stage B2,
with less severe atrial and ventricular changes. Thus, CKCSs appears to be in a later stage
of B2, possibly reflecting breed-specific disease progression

4.4. Clinical Applications

Increased LA/Ao ratios and LVIDdN values in dogs with MMVD suggest chronic
volume overload of the LA and LV, as MR leads to an elevated pressure and volume in
these chambers. These parameters, however, only indirectly reflect the chronic effects of
MR on the heart’s left side [53,54].

In comparison, PISA-r provides a direct measurement of MR severity by quantifying
the regurgitant flow, offering a more accurate assessment of the dynamic nature of MR
progression [53]. This method captures the regurgitant volume in real-time, making it
sensitive to acute changes in loading conditions or complications. It can be repeated over
time to follow disease progression more precisely. As a result, it enables earlier and more
accurate assessments of MR progression [15,54].

Additionally, in cases of pulmonary edema, especially in late MMVD stage B2 dogs
with concurrent conditions like tracheal collapse, PISA-r may help differentiate whether
the edema is primarily due to respiratory issues or heart failure, aiding in targeted treat-
ment strategies.
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4.5. Limitations of the Study

Our study is limited by the focus on only two breeds, potentially constraining the
generalizability of our findings. Future investigations should encompass larger and more
diverse populations, including multiple breeds, to ascertain the broader applicability of
our results. A potential limitation of our study is the imbalance in sex distribution, with
more females in the control group and more males in the affected group. This may have
influenced some echocardiographic measurements, as males are often larger than females,
which could affect specific echocardiographic parameters.

The exclusion of dogs and subsequent regrouping after data collection resulted in
varying group sizes, potentially influencing the study outcomes. Additionally, our study
lacked a comparison to a gold standard method for MR severity assessment.

Furthermore, medication effects, particularly from commonly used ACE inhibitors
and spironolactone in heart failure management, could have influenced echocardiographic
indices. The decision to withhold medications might have altered the observed results.

5. Conclusions

In conclusion, our study demonstrates the utility of PISA-r as a volume-based parame-
ter in assessing MMVD severity in dogs. Its ease of measurement and reproducibility make
it a valuable tool, supported by established cut-off values for group affiliation. Serial PISA-r
assessments offer insights into disease progression and treatment efficacy, complementing
other parameters like LAmax, LA/Ao, and LVIDdN for enhanced accuracy in the MMVD
stage classification.
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