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Mitral annular plane systolic excursion (MAPSE) is an M-mode index of left
ventricular longitudinal systolic motion. In dogs, interpretation of raw MAPSE is
affected by wide body size variation; and the independent effect of age after body
weight adjustment has not been quantified. This study aimed to develop a body
weight- and age-adjusted reference model for septal MAPSE and derive normalized
indices. This two-center retrospective study included 180 client-owned healthy dogs
examined between November 2016 and December 2023. Inclusion criteria included
the absence of structural cardiac abnormalities, sinus rhythm, systolic blood pressure
<140mmHg, and no clinically relevant thoracic radiographic, hematologic, or
biochemical abnormalities. Septal MAPSE was measured by M-mode
echocardiography from the apical four-chamber view and averaged over three cycles.
Multiple linear regression modeled logio(MAPSE), using logio(body weight) and age.
Heart rate and sex/neuter status were assessed as additional covariates, and study
center was assessed for systematic center-related differences. Model-based Z-scores
and percentage of predicted MAPSE values were calculated. The final model was
logio(MAPSE)=0.6279+0.3243% logio(BW)—0.008767xage, explaining 70.2% of
variation in logio(MAPSE). Body weight and age were significant predictors
(P<0.0001). Predicted MAPSE scaled allometrically with body weight and decreased
by 2.0% per year. Z-scores and percentage of predicted MAPSE showed no residual
association with body weight or age. Septal MAPSE in healthy dogs is body weight-
and age-dependent. This model provides body weight- and age-adjusted expected
values for interpreting septal MAPSE within the range represented by this cohort.
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reference model for septal mitral annular plane systolic excursion in healthy dogs. Pak Vet J, 46(10): 2628-2636.
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INTRODUCTION

Conventional echocardiographic indices such as
fractional shortening and ejection fraction provide
commonly used estimates of left ventricular (LV) systolic

(Choi et al., 2013), and other speckle-tracking—based
indices (Dickson et al., 2017). Although tissue motion
annular displacement and global longitudinal strain provide
quantitative assessments of LV longitudinal systolic
function, they depend on adequate apical image

performance, but they have recognized limitations in dogs
with myxomatous mitral valve disease (Morgan et al,
2020) and do not specifically characterize longitudinal
systolic motion (Wolf et al., 2021). In dogs, methods for
assessing LV longitudinal function include M-mode mitral
annular plane systolic excursion (MAPSE), historically
described as mitral annular motion in earlier canine study
(Schober and Fuentes, 2001; Fukuzumi et al., 2024), tissue
motion annular displacement (Wolf et al., 2018), pulsed-
wave tissue Doppler imaging of the septal mitral annulus

acquisition, reliable tracking, dedicated software, and
operator expertise (Mogensen et al., 2025). These methods
may be less feasible in emergency settings, due to time
constraints, or in dyspneic, hemodynamically unstable,
obese, or poorly cooperative dogs (Wolf et al., 2018; Spalla
et al., 2019). Furthermore, breed-specific variations in
thoracic conformation may further complicate image
acquisition and analysis.

Similar limitations have been described in human
echocardiography. Wang et al. (2023) noted that MAPSE
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may be useful when image quality is poor because it does
not require tracing of the entire LV endocardial border. In
human critical-care cohorts, M-mode MAPSE has been
evaluated as an indicator of LV systolic dysfunction and a
prognostic marker in pediatric and adult septic shock (EIl-
Zayat and Shalaby, 2018; Brault ez al., 2023), serving as a
low-complexity adjunct when image quality is suboptimal
or advanced techniques are unavailable (Wang ef al., 2023;
Cirin et al,, 2024). Reproducibility data in pediatric
echocardiography further indicate that M-mode-derived
MAPSE possesses high intra- and interobserver reliability,
with favorable reproducibility compared with B-mode
derivations, even under challenging imaging conditions
(Hensel et al., 2018).

In healthy dogs, Schober and Fuentes (2001) provided
reference data for M-mode mitral annular motion in three
body weight groups (<15, 15—40 and >40kg), reporting a
strong association with body weight and body surface area,
a weak association with heart rate, and no significant
association with age. However, categorical reference
values and group-specific cut-off points do not provide the
continuous body weight- and age-adjusted model for
interpreting septal MAPSE in individual dogs. More
recently, M-mode MAPSE and its ratio to left atrial volume
have been evaluated as indices of ventricular filling
pressure in dogs with myxomatous mitral valve disease
(MMVD) (Perez et al., 2026). In addition, a pilot study in
dogs with mammary tumors reported reduced MAPSE and
global longitudinal strain despite preserved conventional
systolic indices, and evaluated age, body weight, heart rate,
and normalized left ventricular dimension as covariates in
exploratory models (Algan ef al., 2026). These emerging
applications indicate that body weight and age should be
considered when raw MAPSE values are interpreted in
clinical populations.

Body size adjustment is a standard practice in canine
echocardiography, given that M-mode and other cardiac
linear measurements vary with body size and may differ
among breeds, with many dimensions scaling
allometrically rather than linearly across the wide range of
canine body sizes (Esser et al., 2020; Feldhiitter et al.,
2022; Cerbu et al., 2023; Treibert et al., 2024). This
approach has been extended to annular excursion indices,
most notably tricuspid annular plane systolic excursion
(TAPSE), for which body weight—dependent reference
intervals and body weight—independent ratios have been
established (Pariaut et al., 2012; Caivano et al., 2018;
Visser et al., 2018). Similar ratio-based approaches have
also been used to derive body size—independent right-heart
echocardiographic indices in dogs (Sankisov et al., 2024).
To date, a continuous body weight—adjusted model for
septal MAPSE has not been reported in dogs.

Because age and other physiologic or demographic
variables may also influence annular displacement, they
must be considered in statistical modeling. A multicenter
human reference study reported that M-mode MAPSE was
associated with age, whereas 2D speckle-tracking—derived
MAPSE was influenced by age, blood pressure, heart rate,
and LV volume (Wang et al., 2023). Similarly, canine
studies of tissue motion annular displacement and
longitudinal LV function have evaluated associations with
body weight, age, heart rate, and sex (Dickson et al., 2017,
Wolf et al, 2018). Breed-specific echocardiographic
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reference studies have also reported that body weight, age,
sex, and breed may influence conventional
echocardiographic measurements in dogs (Romito et al.,
2023; Favier et al., 2025; Hu et al., 2025). Therefore, when
establishing a canine septal MAPSE reference model, body
weight and age should be evaluated as primary covariates,
with heart rate, sex, and neuter status considered as
additional candidate physiologic or demographic
covariates.

The objectives of this study were to develop a body
weight- and age-adjusted reference model for septal
MAPSE in healthy dogs and to derive model-based
normalized indices. It was hypothesized that septal
MAPSE would scale allometrically with body weight and
decrease with age, and that model-based normalization
would reduce residual dependence on these covariates.

MATERIALS AND METHODS

Study design and study population: This two-center
retrospective observational study used a total of 1,520 de-
identified medical records and archived echocardiographic
data from client-owned dogs examined between November
2016 and December 2023 at National Chiayi University
Veterinary Teaching Hospital, Chiayi city, Taiwan and
Tianhe Animal Hospital, Taoyuan city, Taiwan, where
examinations were performed as cardiac consultations. Dogs
were included if they were clinically healthy based on
available records and had no structural cardiac abnormalities
on complete echocardiography, sinus rhythm, systolic blood
pressure <140mmHg, no clinically relevant
cardiopulmonary abnormalities on thoracic radiographs, and
no clinically relevant abnormalities on hematology or serum
biochemistry examinations. Records for dogs with
congenital or acquired cardiac disease, non-sinus rhythm,
systemic disease likely to affect cardiovascular function,
incomplete clinical data, or images unsuitable for septal
MAPSE measurement were excluded. Sex/neuter status,
body weight, age, and heart rate of each dog were recorded.

Echocardiography and septal MAPSE measurement:
All archived echocardiographic examinations had been
performed by one experienced clinician in conscious, non-
sedated dogs using a consistent clinical protocol with
simultaneous electrocardiographic recording. Dogs were
examined in right and left lateral recumbency, using a
Toshiba Artida system with PST-30BT, PST-50BT, or
PST-65AT probes, or a GE LOGIQ e system with a 3S-RS
probe.  Complete transthoracic  echocardiography
confirmed absence of structural cardiac disease before
inclusion of the dog in the study. Septal MAPSE was
measured by M-mode echocardiography from the left
apical four-chamber view with the cursor aligned with the
longitudinal motion of the septal mitral annulus. Septal
MAPSE was defined as peak systolic displacement of the
septal mitral annulus from end-diastole to end-systole,
timed by electrocardiography, and averaged over three
consecutive cardiac cycles (Schober and Fuentes, 2001).

Quality control and repeatability: Source M-mode
images were retrospectively reviewed using predefined
criteria, including cursor alignment, annular definition, and
reliable identification of end-diastolic and end-systolic
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annular positions. Measurements failing these criteria were
excluded. Intra-observer repeatability was assessed in 20
dogs spanning the observed body-weight range. Septal
MAPSE was remeasured from stored images by the same
observer after a 2-week washout period while blinded to
original values. Repeatability was evaluated using single-
measure  absolute-agreement  intraclass  correlation
coefficient, coefficient of variation, and Bland—Altman
analysis (Hensel et al, 2018; Wang et al., 2023).
Interobserver variability and repeated image acquisition
variability were not assessed, which represents a limitation
of the study.

Statistical analysis: Statistical analyses were performed
using MedCalc version 23.5.5. Continuous variables were
assessed for normality with Shapiro—Wilk tests and are
presented as mean = SD, or median [with IQR] if
approximately normal or non-normal; baseline range values
are also provided. Categorical variables are presented as
counts with percentages. All statistical tests were two-tailed,
and P<0.05 was considered statistically significant. MAPSE
and body weight were logio-transformed, and least-squares
multiple linear regression modeled logio (MAPSE) as a
function of logio (body weight) and age. Model assumptions
were assessed using residual-versus-fitted plots, normal Q-Q
plots, the Shapiro-Wilk test, and variance inflation factors.
Observations with absolute standardized residuals >2.5 were
reviewed against source images. Heart rate and sex/neuter
category were evaluated as additional covariates after
adjustment for logio (body weight) and age. Sex/neuter
category was entered as a four-level categorical variable,
with intact females as the reference category. Study center
was evaluated separately as a binary methodological factor,
with the university veterinary teaching hospital coded as 0
and the primary-care animal hospital coded as 1. Predicted
MAPSE, Z-score, percentage of predicted MAPSE, and
approximate model-based conditional 95% intervals were
calculated using the final model.

RESULTS

Study population: Of 181 initially eligible dogs, one was
excluded during source-image quality review because the
M-mode cursor was not aligned with the longitudinal
motion of the septal mitral annulus, leaving 180 dogs for
analysis. Age, body weight, heart rate, and septal MAPSE
were not normally distributed, as shown by the Shapiro—
Wilk test, and are summarized as median [IQR] with range
in Table 1. The cohort was predominantly composed of
smaller dogs: 123 dogs (68.3%) weighed <10kg, whereas
23 dogs (12.8%) weighed >20kg and only 4 dogs (2.2%)
weighed >30kg. Twenty-two breed categories were
represented; the most common were mixed-breed dogs,
Poodles, Dachshunds, Maltese dogs, and Yorkshire
Terriers. Sex-wise distribution of dogs was intact females,
spayed females, intact males and castrated males (Table 1).

Regression model for septal MAPSE: The final
regression model included logi(BW) and age as
independent variables. Both predictors were significantly
associated with logio(septal MAPSE). The equation was:

l0g10(MAPSE) = 0.6279 + 0.3243 x log,,(BW) — 0.008767 x Age
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where MAPSE is in millimeters, BW in kg, and age in
years.

Table I: Clinical and demographic characteristics of healthy dogs
included in the final reference model (n = 180)
Continuous variables Median [IQR]; range
Age (years) 9.0 [7-11]; 2-16
Body weight (kg) 6.25 [3.98-13.25]; 1.2042.35
Heart rate (beats/min) 119.5 [103.0-139.5]; 55-215
Septal MAPSE (mm) 6.44 [5.44-8.10]; 3.40-13.64
Body weight category, n (%)

<5kg 70 (38.9)
5 to <I0kg 53 (294)
10 to <20kg 34 (18.9)
20 to <30kg 19 (10.6)
= 30kg 4(22)
Sex/neuter status, n (%)

Intact female 35 (19.4)
Spayed female 79 (43.9)
Intact male 26 (14.4)
Castrated male 40 (22.2)

Study center, n (%)
University veterinary teaching hospital 38 (21.1)

Primary-care animal hospital 142 (78.9)
Breed distribution, n (%)

Mixed-breed dog 38 (21.1)
Poodle 27 (15.0)
Dachshund 23 (12.8)
Maltese 19 (10.6)
Yorkshire Terrier 13 (7.2)
Other breeds 60 (33.3)

Breed categories (n) 22

Continuous variables are presented as median [IQR], because they were
not normally distributed by the Shapiro—Wilk test. Categorical variables are
presented as numbers (n) with % in parenthesis. IQR=Interquartile range;
MAPSE = mitral annular plane systolic excursion.

The model accounted for 70.2% of the variation in
logio(MAPSE) (R?>=0.7015, adjusted R?=0.6982; F=208.02
with 2 and 177 degrees of freedom, P<0.0001). The
residual SD was 0.06866 on the logio scale. Regression
coefficients are shown in Table 2. The body-weight
coefficient corresponded to a 25.2% increase in predicted
septal MAPSE for each doubling of body weight. The age
coefficient corresponded to a 2.0% decrease in predicted
septal MAPSE per year after adjustment for body weight.
The back-transformed prediction equation was:

MAPSE i = 10(0.62?9 +0.3243xlogsp(BW) - 0.008767 xAge)
pre

or equivalently:

MAPSE, o4 % 4.25 X BI70:3243 y 1((-0.008767xAge)

Table 2: Final multiple linear regression model for log;, (septal MAPSE)
in healthy dogs

Variable  Coefficient SE 95% Cl t P value
Intercept  0.6279 0.01949 0.5895 to 0.6664 3222 <0.0001
log1o (BW) 0.3243 0.01592 0.2929 to 0.3558 20.37 <0.0001

Age (years) —0.008767 0.001731 —0.01218 to —0.005351 —5.06 < 0.0001

BW=Body weight; MAPSE=Mitral annular plane systolic excursion;
SE=Standard  error;  Cl=Confidence interval.  Final model:
log10(MAPSE)=0.6279+0.3243 xlog;,(BW)—0.008767%  age, = where
MAPSE is in millimeters, body weight is in kilograms, and age is in years.
Model summary: n=180; R*=0.7015; adjusted R2=0.6982; residual
SD=0.06866; F=208.02 with 2 and 177 degrees of freedom; P<0.0001.

Observed and model-predicted septal MAPSE values
are shown in Fig. 1A (versus body weight) and Fig. 1B
(versus age). Figure 1A shows the nonlinear increase in
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predicted septal MAPSE with body weight and the lower
predicted values at older ages. Figure 1B shows a decline
in predicted septal MAPSE with increasing age at each
representative body weight.

Normalized septal MAPSE indices: Model-based Z-
scores were calculated as each residual divided by the
residual SD of the final model (0.06866). The Z-score
distribution was centered near zero (mean 0.00; SD 0.994;
Fig. 2A), and the 2.5th to 97.5th percentile range was
—1.94 to 1.73. After normalization, model-based Z-scores
were not associated with body weight (1=0.04; 95% CI,
—0.11 t0 0.18; P=0.625; Fig. 2B) or age (r <0.001, P>0.99;
Fig. 2C).

Percentage of predicted MAPSE was calculated as 100
x MAPSEs/MAPSE,.q. Because percentage of predicted
MAPSE was not normally distributed, the median
percentage of predicted MAPSE in healthy dogs was
100.1% [IQR, 91.1-110.7%]. Percentage of predicted
MAPSE was not associated with body weight (Spearman’s
rho= —0.02; 95% CI, —0.16 to 0.13; P=0.841) or age
(Spearman’s rho=—-0.02; 95% CI, —0.17 to 0.12; P=0.755).

Conditional model-based intervals: Approximate
model-based conditional 95% intervals were calculated
on the logio scale using the residual SD of the final model
and back-transformed to millimeters. For example, a
10kg, 11-year-old dog had a predicted septal MAPSE of
7.17mm and a model-based conditional 95% interval of
5.25-9.80mm. Model-based conditional 95% intervals
across selected combinations of body weight and age are
shown in Table 3.

Model diagnostics: Model diagnostics supported the final
log-linear model used to derive predicted septal MAPSE
values, model-based Z-scores, and approximate conditional
95% intervals. The residual-versus-fitted plot showed no
obvious heteroscedasticity or systematic curvature,
indicating no major evidence of model-form
misspecification across the fitted range (Fig. 3A). Residuals
were compatible with normality on the normal Q—Q plot and
by the Shapiro—Wilk test (W=0.995, P=0.813; Fig. 3B).
Variance inflation factors were 1.04 for logio(BW) and 1.04
for age, indicating no relevant multicollinearity.

The single case excluded during source-image quality
review showed M-mode cursor misalignment with the
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septal mitral annulus. Compared with the model including
all 181 initially eligible dogs, exclusion of this technically
unreliable measurement improved residual normality
(Shapiro—Wilk P from 0.017 to 0.813) while leaving the
direction and magnitude of the regression coefficients
essentially unchanged.

14

[¢]
i
12 i
—
i -
o T
n / A/ - n
- pied
10 e -
£ / - et i
o e
E [s} I 8 O
= & o7 i i ——Predicted, age 4yr
£ T 7 — -Predicted, age 9yr
< o o7
= A == =-Predicted, age 14 yr
B 20/ o7k .
s O Ao Gk O Observed, 2-6 yr
g‘ O‘( A Observed, -1 yr
g Ou‘ga g & Observed,12-16yr
ek
%, 0 &
%%"'9“ s
pies
& o
44 Yo a
/
2
0 5 10 15 20 25 30 35 40 45
Body weight (kg)
14
Ay
A
A
12 "
A A
e, & Aty
------ A A
0] 0 Tl Aok T g b
£ Tl i
E i e,
w A A TTheA A ——Predicted, BW 3 kg
4 A 4 i a AR — -Predicted, BW 8 kg
< - "
= i 5 . 6 4 ===+ Predicted, BW 20 kg
T A‘-ﬂ"‘n—n_ - 2 4 O Observed, <5 kg
o 0 e
[ A ‘— S Observed, 5 to <10 kg
@ ‘ "IN) —~
5 Y 50 | s 8 9 - 4 Observed, 210 kg
0 © ¢ o 3
a
° T tr—
4 (o) Q Q
o o
2

0 2 4 6 8 10 12 14 16 18
Age (years)

Fig. I: Observed and model-predicted septal MAPSE in 180 healthy dogs.
(A). Septal MAPSE plotted against body weight. Observed values are
grouped by age category: 26 years, 7—1 | years, and 12—16 years. Curves
represent model-predicted septal MAPSE across body weight for the
midpoint ages of these categories: 4, 9, and 14 years. (B). Septal MAPSE
plotted against age. Observed values are grouped by body weight category:
<5kg, 5 to <IOkg, and =10kg. Lines represent model-predicted septal
MAPSE across age for representative body weights of 3, 8, and 20kg.
Predicted values were derived from the final regression model.
MAPSE=Mitral annular plane systolic excursion; BW=Body weight.

Table 3: Predicted septal MAPSE and approximate model-based conditional 95% intervals in healthy dogs

Body weight (kg) Age (Years)

2 5 8 I 14
2 5.10 (3.74-6.97) 4.80 (3.52-6.56) 4.52 (3.31-6.18) 4.26 (3.12-5.82) 4.01 (2.93-5.47)
3 5.82 (4.26-7.95) 5.48 (4.01-7.49) 5.16 (3.78-7.05) 4.86 (3.55-6.63) 4.57 (3.34-6.24)
5 6.87 (5.03-9.39) 6.47 (4.73-8.84) 6.09 (4.46-8.32) 5.73 (4.19-7.83) 5.39 (3.95-7.37)
8 8.00 (5.86—-10.93) 7.53 (5.51-10.29) 7.09 (5.19-9.69) 6.67 (4.88-9.12) 6.28 (4.60-8.58)
10 8.60 (6.30-11.75) 8.10 (5.93-11.06) 7.62 (5.58-10.41) 7.17 (5.25-9.80) 6.75 (4.94-9.22)
15 9.81 (7.18-13.41) 9.24 (6.76-12.62) 8.69 (6.36—11.88) 8.18 (5.99-11.18) 7.70 (5.64-10.52)
20 10.77 (7.88-14.72) 10.14 (7.42-13.85) 9.54 (6.99-13.04) 8.98 (6.57-12.27) 8.45 (6.19-11.55)
25 11.58 (8.48-15.82) 10.90 (7.98-14.89) 10.26 (7.51-14.02) 9.66 (7.07-13.19) 9.09 (6.65-12.42)
30 12.29 (8.99-16.78) 11.56 (8.46—15.80) 10.88 (7.97-14.87) 10.24 (7.50-14.00) 9.64 (7.06-13.17)
35 12.92 (9.45-17.64) 12.16 (8.90-16.61) 11.44 (8.38-15.63) 10.77 (7.88-14.71) 10.14 (7.42-13.85)
40 13.49 (9.87-18.43) 12.69 (9.29-17.34) 11.95 (8.75-16.32) 11.25 (8.23-15.36) 10.59 (7.75-14.46)

Values are back-transformed model-predicted septal MAPSE in mm, with approximate model-based conditional 95% intervals in parentheses. Each
predicted value represents the estimated conditional median, on the original scale for the specified body weight and age, rather than a sample median
calculated from observed dogs. Predictions were calculated from the final model. Intervals were calculated on the log;, scale using the residual SD of
the final model (0.06866) and back-transformed to mm. Selected combinations are within the marginal observed ranges of body weight (1.20—42.35 kg)

and age (216 years). MAPSE=Mitral annular plane systolic excursion
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Intra-observer measurement repeatability: In the
repeatability subset (n=20), the single-measure absolute-
agreement ICC was 0.96 (95% CI, 0.90-0.98), indicating
excellent within observer stored-image remeasurement
repeatability. The median intra-observer CV was 5.0%

[IQR, 3.0-7.2%]. Bland—Altman analysis showed minimal
mean  bias  between  repeated  measurements
(MAPSE1-MAPSE2, —0.023mm; 95% CI, —0.370 to
0.325mm), with 95% limits of agreement from —1.476 to
1.431mm (Fig. 4).
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the 95% limits of agreement (—1.476 to 1.431mm). MAPSE=Mitral
annular plane systolic excursion.

Evaluation of additional covariates: Heart rate and
sex/neuter category were evaluated after adjustment for
logio(BW) and age. Heart rate was not associated with
logis(MAPSE) (P=0.919). With intact females as the
reference category, adjusted logio(MAPSE) did not differ
for spayed females (P=0.454), intact males (P=0.719), or
castrated males (P=0.222). Heart rate and sex/neuter
category were therefore not retained in the final model.

Study center was evaluated separately to assess
potential systematic center-related differences. With the
university veterinary teaching hospital as the reference
center, the coefficient for the primary-care animal hospital
was 0.008755 after adjustment for logio (BW) and age
(P=0.491), indicating no evidence of a systematic center-
related difference. The estimated coefficients for logio
(BW) and age were essentially unchanged, supporting the
pooling of data from the two institutions.

DISCUSSION

This study established a body weight- and age-
adjusted reference model for septal MAPSE in 180 healthy
dogs. Septal MAPSE scaled allometrically with body
weight and decreased by approximately 2.0% per year of
age after adjustment for body weight. Heart rate and
sex/neuter category did not improve model fit and were not
retained. Study center was not associated with septal
MAPSE after adjustment for body weight and age. Model-
based Z-scores and percentage of predicted MAPSE
showed no residual association with body weight or age
within this healthy cohort.

Body weight was the dominant determinant of septal
MAPSE, consistent with earlier canine M-mode mitral
annular motion data (Schober and Fuentes, 2001). The
allometric exponent of 0.3243 indicates that septal MAPSE
increases with body weight in a nonlinear manner, and
broad body weight categories or unadjusted reference
values are unlikely to capture the relevant variation. The
model is most robustly supported in dogs weighing <10kg,
because this group accounted for 123 of 180 dogs (68.3%),
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whereas only 23 dogs (12.8%) weighed >20kg and only 4
(2.2%) weighed >30kg. Thus, the upper end of the
allometric relationship was estimated from relatively few
dogs. Cautious interpretation in larger dogs is also
consistent with breed-specific data from Golden
Retrievers, in which several left ventricular dimensions and
volume-based indices differed from general canine
reference values (Bagardi ef al., 2025).

The use of allometric scaling is consistent with current
approaches to canine echocardiographic reference values.
Cardiac linear measurements in dogs do not scale linearly
with body weight (Cornell et al., 2004), and large-scale
reference studies have supported body weight—dependent
prediction intervals for M-mode and volumetric left
ventricular measurements (Esser et al., 2020; Wess et al.,
2021). Similar strategies have been used for TAPSE,
including body weight—dependent reference intervals
(Pariaut et al., 2012; Visser et al., 2018) and body weight—
independent ratios such as the TAPSE-to-aortic ratio
(Caivano et al., 2018). The present study applies the same
principle to septal MAPSE as a longitudinal systolic index.

After accounting for body weight, age was also
negatively associated with septal MAPSE; for a dog of a
given body weight, the model predicted an approximately
2.0% lower septal MAPSE for each additional year of age.
This finding differs from that of Schober and Fuentes
(2001), who did not detect a significant association
between mitral annular motion and age in healthy dogs.
Continuous regression in a larger cohort, together with the
broad age range of the present population, likely increased
the ability to detect this modest age effect. More recent
canine studies of longitudinal systolic function, together
with human reference data, are consistent with a
measurable age-related decline in longitudinal systolic
indices (Dickson et al., 2017; Wolf et al., 2018; Wang et
al., 2023). These findings support the inclusion of age, in
addition to body weight, when deriving expected septal
MAPSE values.

Heart rate did not contribute to the model after
adjustment for body weight and age, despite a wide
observed heart rate range in conscious, non-sedated dogs.
This may reflect that M-mode MAPSE primarily quantifies
peak annular excursion rather than rate-dependent timing.
In contrast, 2D speckle-tracking—derived MAPSE in
human adults has been reported to be associated with heart
rate (Wang et al., 2023), which may be more sensitive to
filling time and tracking quality than M-mode peak
displacement. Sex/neuter category also did not improve
model fit; however, the present design did not allow
evaluation of stage of estrous cycle, age at neutering, or
interactions with breed-specific cardiac geometry, which is
a major limitation of this study.

Model-based Z-scores and percentage of predicted
MAPSE help convert septal MAPSE from a raw
displacement measurement into an observed-to-expected
value adjusted for body weight and age. A raw MAPSE
value in millimeters may be misleading when interpreted
without considering the dog’s size and age; after
normalization, the same value can be judged according to
its deviation from the value expected in healthy dogs.
Percentage of predicted MAPSE expresses this deviation as
an observed-to-expected ratio, whereas the Z-score
expresses it on the residual scale of the model. In the
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present cohort, both indices showed no residual association
with body weight or age, indicating that model-based
normalization removed the major covariate effects present
in raw MAPSE. Z-scores are widely used in pediatric
echocardiography to express deviation from size- or age-
specific expected values on a standardized scale (Chubb
and Simpson, 2012; Koestenberger et al., 2012), and
normalized TAPSE studies in dogs similarly support the
clinical relevance of size-normalized annular excursion
indices (Yuchi et al., 2021).

Model diagnostics supported the use of the final log-
linear model as the basis for predicted septal MAPSE
values and the derived normalized indices. The absence of
obvious systematic curvature in the residual-versus-fitted
plot suggested that the log-linear model did not
substantially overestimate or underestimate septal MAPSE
across the fitted range. The absence of obvious
heteroscedasticity suggested that residual variation was
reasonably similar across predicted values, supporting the
use of a common residual SD to calculate model-based Z-
scores within the observed data range. These diagnostics
therefore support the internal use of predicted MAPSE,
percentage of predicted MAPSE, and Z-scores in this
healthy cohort, although the conditional intervals reported
here remain model-based approximations and should be
interpreted cautiously, particularly at extreme body
weight—age combinations.

In dogs with MMVD, conventional systolic indices
can be difficult to interpret (Morgan et al., 2020), and
studies of MAPSE, annular excursion ratios, and
longitudinal indices suggest that these measures may
provide additional information (Wolf et al., 2021; Perez
et al.,2026). A pilot study in dogs with mammary tumors
also reported reduced MAPSE and global longitudinal
strain despite preserved conventional systolic indices
(Algan et al., 2026). In routine clinical interpretation, the
predicted MAPSE value provides an expected septal
annular excursion for a dog of a given body weight and
age, percentage of predicted MAPSE expresses how
closely the observed value matches that expectation, and
the model-based Z-score expresses the magnitude of
deviation on a standardized scale. These indices may be
useful when raw MAPSE is difficult to interpret because
of body size or age, or when image quality is insufficient
for global longitudinal strain, tissue motion annular
displacement, or volumetric assessment. Because the
model was derived exclusively from healthy dogs, low
normalized septal MAPSE values should be interpreted
together with other echocardiographic and clinical
findings rather than used alone to diagnose LV systolic
dysfunction. The absence of a disease cohort prevents
estimation of diagnostic accuracy or disease-specific
thresholds in the present study. Future prospective studies
are needed to define the diagnostic accuracy of these
indices.

Several limitations should be considered when
interpreting results of the present study. Intra-observer
repeatability was assessed in 20 dogs using stored M-mode
images and suggested high within-observer agreement by
ICC, with a mean CV of 5.0% and minimal mean bias on
Bland—Altman analysis. This analysis was intended to assess
the stability of septal MAPSE measurements used for model
development, rather than to serve as a complete
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reproducibility study of MAPSE as a measurement
technique. However, this repeatability analysis addressed
stored-image remeasurement only, and the 95% limits of
agreement indicated that repeated measurements in
individual dogs could differ by approximately 1.4—1.5mm.
Because only 20 dogs were included, this analysis should be
considered a supportive rather than a complete
reproducibility study. Although previous studies have
reported good intra- and interobserver reproducibility for
MAPSE measurements (Hensel et al., 2018; Wang et al.,
2023), the present model was developed from measurements
obtained by a single experienced observer using a consistent
acquisition and measurement protocol. External validation is
therefore needed to determine whether measurements
obtained by other observers, from repeated image acquisition,
or using other ultrasound systems can be applied to this model
without systematic bias.

A further limitation is that circulating cardiac
biomarkers, including N-terminal pro-B-type natriuretic
peptide (NT-proBNP) and cardiac troponin I (¢Tnl), were
not measured. Although biomarker data might have
provided additional information regarding myocardial
stress or injury, the lack of such data should be interpreted
in the context of this retrospective clinical dataset, because
such tests are not routinely available for all apparently
healthy dogs and single biomarker measurements may have
limited ability to rule out very early subclinical cardiac
disease (Wolf ef al., 2013; Winter et al., 2017). The most
frequently represented breeds in this cohort—including
Poodles, Dachshunds, Maltese dogs, and Yorkshire
Terriers—are highly predisposed to MMVD; therefore,
very early cardiac changes not yet apparent on
echocardiography  cannot be entirely excluded.
Consequently, the age coefficient reported here should be
interpreted as the association between age and septal
MAPSE in echocardiographically healthy dogs, rather than
as definitive evidence of purely physiological myocardial
aging.

This was a retrospective study based on clinically
acquired echocardiographic data from two hospitals and
two ultrasound systems. Although study center was not
associated with septal MAPSE after adjustment for body
weight and age, study center was only a broad proxy for
institutional and equipment-related effects and did not
separately model ultrasound system effects. Therefore,
residual equipment- or center-related variability cannot be
excluded, and prospective studies using standardized
acquisition protocols are warranted. Nevertheless, the
absence of an adjusted center effect supports the use of the
combined dataset for this model.

The body weight distribution was strongly skewed
toward small-breed dogs. This skew toward smaller breeds
should be considered when applying the model to larger
dogs. In larger dogs, the model may still provide a useful
estimate of expected septal MAPSE within the observed
body weight range, but values should be interpreted with
greater caution until additional data are available. This
caution is consistent with breed-specific data from Golden
Retrievers, in which several left ventricular dimensions and
volume-based indices differed from general canine reference
values (Bagardi et al., 2025).

Breed-related effects could not be evaluated because
only five out of 22 breed categories included more than
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10 dogs, mixed-breed dogs (n=38), Poodles (=27),
Dachshunds (n=23), Maltese dogs (n=19), and Yorkshire
Terriers (n=13). Because breed, body weight, and body
conformation are closely interrelated, the present study
could not determine whether septal MAPSE differs
among breeds after adjustment for body weight and age.
Establishing breed- or somatotype-specific reference
values, if clinically required, will require dedicated
cohorts with sufficient numbers within each breed or
breed group.

The model should not be extrapolated beyond the
observed ranges of body weight (1.20—42.35kg) and age
(2-16 years). Only septal MAPSE was measured; lateral
MAPSE and averaged septal-lateral MAPSE were not
analyzed and may have different relationships with body
weight, age, and cardiac disease. Finally, the conditional
model-based intervals reported here were approximate
intervals calculated using the residual SD of the final
model. Exact individual prediction intervals incorporating
leverage may be slightly wider, particularly at extreme
combinations of body weight and age.

Conclusions: Septal MAPSE in healthy dogs scaled
allometrically with body weight and decreased by 2.0% per
year of age after adjustment for body weight. The proposed
model provides body weight- and age-adjusted expected
values for interpreting septal MAPSE within the range
represented by this cohort. These normalized indices may
help clinicians recognize septal annular excursion that is
lower than expected and should be interpreted together
with other echocardiographic and clinical findings. Future
studies in larger dogs, with additional observers or imaging
systems, and in dogs with acquired cardiac disease will
further define the range of clinical application and disease-
specific interpretation.
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