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ABSTRACT

Introduction: Left-atrial-to-aortic ratios (LA:Ao) provide a body-weight independent
estimate of left atrial size. However, reference intervals were established with small
sample populations, and for only single points in the cardiac cycle. More robust

reference intervals are warranted.

Animals: 238 apparently healthy adult dogs

Materials and Methods: LA:Ao measurements were obtained at 3 points in the cardiac
cycle — maximal dimension, at the closing of the aortic valve (or just before opening of
the mitral valve) (LA:Aowax); minimal dimension, at the onset of the QRS complex
(LA:Aomin) and at the onset of atrial systole (LA:Aop). LA:Aouax was obtained from right
parasternal short and long axis views, LA:Aouin and LA:Aop were obtained from the right
parasternal short axis view. Dogs were excluded from analyses of reference intervals if
weight-based left atrial and left ventricular diastolic dimensions exceeded reference
interval limits. Effects of breed and bodyweight on LA:Ao measurements were

examined.

Results: Upper LA:Ao reference limits mostly agreed with previously published limits,
although 10% of dogs had LA:Aowuax in the short-axis view exceeding 1.6. These dogs
had smaller aortae than expected for their bodyweight, and included mostly boxers and
English setters. Reference limits for LA:Aoyin and LA:Aop were smaller than those for

LA:Aowmax in either view. No LA:Ao measurements were associated with bodyweight.

Conclusions: Reference limits were either confirmed or established for the common two-

dimensional methods of assessing relative left atrial size in healthy dogs. Clinicians
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should use caution when diagnosing mild left atrial enlargement in certain dog breeds,

and should examine the weight-based aortic dimensions in such cases.

KEYWORDS: ultrasound, cardiac mensuration, cardiac enlargement, cardiomegaly,
canine

Abbreviation Table

LA:Ao ratio of the left atrial dimension to the aortic valve dimension

LA:Aomax ratio of the left atrial dimension to the aortic valve dimension at onset
of ventricular diastole
LA:Aop ratio of the left atrial dimension to the aortic valve dimension at onset

of atrial systole

RPSA right parasternal short-axis view

wAo Aortic-to-weight-based aortic ratio

wLA left atrial-to-weight-based aortic ratio

wLVIDd left ventricular internal dimension at end-diastole ratioed to weight-

based aortic measurement
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Measurement of left ventricular and left atrial chamber dimensions forms a cornerstone
of echocardiography, allowing estimation of left heart volume overload. In veterinary
cardiology, these measurements are commonly indexed to bodyweight or another
cardiac structure, such as the aorta, because of the marked disparity in body sizes
within dogs [1]. The left-atrial-to-aortic ratio (LA:Ao) is one such indexed measurement.
It is independent of bodyweight [2,3], easily measured, and clinically useful. Most
cardiologists use two-dimensional imaging for these measurements and obtain them
from either a right parasternal short-axis (RPSA) or long-axis view. Alternatively,
investigators index the left atrial measurement to either bodyweight [4], or to a weight-

adjusted aortic measurement [1,5].

Approximately 20 years ago, two independent studies, examined LA:Ao in healthy dogs
[2,3]. These studies have been collectively cited over 300 times, however, the data
were based on 36 healthy dogs of various size in one study [2] and 56 Cavalier King
Charles Spaniels in the other [3]. Furthermore, the reference intervals proposed by the
two groups of investigators differed considerably and used different methods to
establish the reference limits. Subsequent studies ruled out differences in the methods
used to measure the aorta as a cause for these discrepancies [6]. More recently,
investigators have examined left atrial measurements using a long-axis view [7],

expanding on the original publications by Rishniw and Erb [2].

Adding to the different methods and reference limits are differences in the timing of the
left atrial and aortic measurements. Both structures are dynamic and change apparent
or actual size throughout the cardiac cycle [8,9]. While both original studies used the

onset of ventricular diastole (closure of the aortic valve) as the time-point for
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measurements, other cardiologists prefer to measure the left atrium and aorta at
different points in the cardiac cycle — usually at the P wave, or, alternatively, at the
onset of ventricular systole. However, no reference intervals have been proposed for

measurements obtained at these points in the cardiac cycle.

The Clinical Laboratory Standards Institute recommends measuring at least 120
individuals to establish reference intervals or reference limits, because this allows non-
parametric calculation of the 90% confidence intervals around the reference limits [10].
With smaller sample sizes, “robust” methods can be used to estimate the confidence

intervals.

Therefore, we sought to reassess the LA:Ao reference limits for dogs using a larger
cohort and multiple investigators. Furthermore, we hoped to provide reference limits for
measurements obtained at various points in the cardiac cycle, and from two right-sided
views. As secondary aims, we also examined left atrial dimensions, indexed to

bodyweight, or a weight-adjusted aortic dimension.

Animals, materials and methods

Cardiologists and clinicians with practice limited to cardiology provided data from
apparently healthy adult dogs (> 1 year). All dogs underwent a full echocardiographic
evaluation after obtaining a brief history and a performing a physical examination. Most
dogs were presented for evaluation in cardiac screening clinics, or for other studies of
cardiac health and disease; 52 dogs were included from a previously published

prospective study of left atrial function [9]. Data were collected prospectively from all
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dogs and included breed, age at examination, sex, weight, all left atrial measurements,
aortic measurements and left ventricular diastolic measurements. Dogs had no history
of cardiac disease or any other disease that would be expected to affect cardiac

function. Body condition scores were not recorded for any dogs.

Echocardiography

Measurement planes. All left atrial and aortic measurements were obtained from two-

dimensional images from three cardiac cycles and averaged; all left ventricular
dimensions were measured from M-mode images from three cardiac cycles and
averaged. The left atrium was imaged from the right parasternal short-axis and right
parasternal long-axis 4-chamber view; the aorta was imaged only from the short-axis
view at the level of the valve cusps as described previously [2]. The left atrium in short
axis was measured along a line extending from, and parallel to, the commissure of the
aortic valve separating the left coronary and non-coronary cusps, as described
previously [2]. The left atrium in long axis was measured mid-way between the mitral
valve annulus and the roof of the left atrium, along a line that extended from the inter-
atrial septum to the lateral left atrial wall, approximately parallel to the mitral annulus, as
described previously [2]. Left ventricular diastolic dimensions were obtained from the
short-axis view at the tips of the papillary muscles, just apical to the chordal insertions at
the onset of the QRS complex. Cursors for all measurements were placed at the tissue-

blood interface [11], as described previously [2].

Measurement timing. All studies were performed with simultaneous ECG monitoring,

using a variety of ultrasound machines and probes. Left atrial and aortic measurements

were obtained at three points in the cardiac cycle: at the onset of ventricular diastole,
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defined as the first measurable frame after aortic valve closure (in the short-axis view)
(LAmax and Aowmax), the onset of atrial systole (LAp and Aop), defined as the peak of the
P wave on the ECG, and at the onset of ventricular systole (LAyin and Aowuin), defined
as the onset of the QRS complex. In the right parasternal long-axis view, the left atrium
was measured only at the onset of ventricular diastole (LAuax), defined as the last

measurable frame before mitral valve opening [2].

We used two measures of cardiac size to define “normality” for our cohort. First, we
calculated the weight-indexed left ventricular (wLVIDd), left atrial (wLA) and aortic (wAo0)
dimensions as previously described [1]. We then ascribed each dog a value of “0” if
wLVIDd and wLA were within previously defined limits (1.95 for wLVIDd and 1.56 for
wLA), and “1” if they exceeded one of these limits. Dogs were excluded if they scored
“2” (i.e., exceeded the limits for both measurements), but were included if they scored

“0” or “17.

We then calculated the LA:Ao for the three points in the cardiac cycle defined above.
We used the aortic measurement obtained at that same point for calculating the
respective LA:Ao, e.g., both the left atrial and aortic measurements for the onset of atrial
systole (LAp) were obtained at the peak of the P wave. We calculated the LA:Ao for the
right parasternal long-axis view using the aortic measurement obtained at the onset of

ventricular diastole (Aomax) in the short-axis view.

Statistical analyses

We first examined whether investigators submitted similar LA:Ao estimates by plotting

and visually comparing the LA:Ao data provided by each investigator. We further
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compared the LA:Ao, including wLA estimates, with Kruskal Wallis tests and post-hoc
multiple comparison tests where indicated. We did not adjust the nominal alpha value
(0.05) for these 4 comparisons. Because wAo measurements appeared to be impacted
by breed, but because data for those breeds were provided largely by one investigator
(Investigator 1), we examined whether Investigator 1 provided smaller Ao
measurements than the other investigators with an ANOVA, followed by a Dunnett’s
test, comparing each of the other investigators to Investigator 1. We did this with and
without the “impacting breeds” included in the analysis under the assumption that, if the
Investigator, and not the breed, was responsible for our observations, we would detect

differences between Investigator 1 and the other investigators in both instances.

To further assess whether Investigator 1 inadvertently biased the dataset by measuring
differently from other investigators, we performed an inter-observer agreement analysis.
Four investigators submitted right parasternal short axis images from 10 cases (3
images per case; total 120 images) to an online repository as DICOM files. All
investigators then measured the aortic and left atrial dimensions, and investigators’
average measurements for each image set were compared via a repeated measures
ANOVA with post-hoc multiple comparisons. We calculated the average coefficient of

variation between all investigators and the maximum difference for each image set.

Because cardiologists commonly index left atrial measurements to bodyweight using an
allometric scaling approach, we examined the relationships between LA, or Ao
dimensions (at each time point) and bodyweight, and provided the scaling constants

and exponents for each of these relationships [12].
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We then used an open-source application to calculate reference intervals for all
variables [13]. We chose the non-parametric method to determine reference intervals
using the entire eligible data set. However, because Investigator 1 contributed
approximately 50% of the observations, we also calculated upper reference limits
(which are most often used clinically) after excluding the data provided by Investigator

1, to determine whether Investigator 1 excessively biased the reference intervals.

We also examined associations between LA:Ao measurements and bodyweight by
scatterplots and correlation analyses, and between LA:Ao measurements and breeds
by visually examining the data. We additionally examined the relationship between
weight-based aortic measurements and maximal LA:Ao (LA:Aomax). All statistical

analyses were performed using commercially available statistical software.®

Results

Six investigators submitted data from 238 healthy adult dogs for the study. We
excluded five dogs based on our echocardiographic criteria (wLVIDd and wLA both
exceeded reference limits), although none of these dogs appeared to have cardiac
disease. These five dogs were all examined by the same investigator. Three were
young, small mixed-breed dogs and two were middle-aged English setters. Data for
these five dogs are provided as an online supplement (Supplemental Table 1).
Therefore, we ultimately analyzed data from 233 dogs. We did not have a weight for
one dog, and lacked the long-axis measurements for one dog — these two dogs were

excluded from the relevant analyses. Of the dogs included in the analyses, six had



185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

WLAmax >1.56 and 26 had wLVIDd >1.95, but no dogs had both variables above the

reference limits.

The remaining 233 dogs comprised 56 breeds and mixed breed dogs (Supplemental
Table 1), weighed a median of 18.5 kg (range: 2.5 to 62 kg, IQR: 11 to 28 kg) with
approximately equal sex distributions (female: 78, spayed female: 44, male: 91,

neutered male: 25).

Investigators did not differ between LA:Ao measurements that they submitted, except
for LA:Ao measured at the P-wave (LA:Aog).For this variable, one investigator
submitted slightly higher LA:Aop measurements than three other investigators (P=0.02)

(Figure 1, Table 1).

The reference intervals for the four LA:Ao measurements, and for wLVIDd are provided
in Table2. The regression coefficients for LA measurements, indexed to bodyweight,

and the upper reference limits derived from these, are provided in Table 3.

Twenty-eight dogs had LA:Aowax rrsa) >1.6, and seven dogs had LA:Aowvax resa) >1.7
(Figure 2A). When we examined the LA:Aouax data by breed, we identified 3 breeds
which appeared to account for 50% of high LA:Aouax (rpsa) Values: Beagles (2/3),
Boxers (7/16) and English setters (5/19) (Figure 2B), although 3 of the English setters
were excluded from the initial analyses because they exceeded the wLA and wLVIDd
limits. We re-calculated the reference intervals after removing these three breeds. This

decreased the upper limit from 1.73 to 1.66 (90% CI: 1.63-1.75).
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None of the LA:Ao variables or weight-based left atrial (WLA) or aortic (wAo0) variables
showed any association with bodyweight (largest r for any association = 0.17;

Supplementary Figure 1).

We found that LA:Aouax (rrsa) had a modest negative relationship with weight-indexed
aortic measurements (wAo) — dogs with smaller aortae for their weight tended to have
larger LA:Aomax (rrsa) measurements (r=0.49, P<0.05; Figure 3). All dogs (n=28) with
LA:Ao>1.6 had wAo <1.0; 25/28 had wA0<0.9. However, many dogs with wAo <1.0 had
LA:Ao<1.6. When plotted against bodyweight, the wAo were consistently < 0.9 in two
breeds identified as having large LA:Aowax — Beagles and Boxers. English setters had
wAo that were scattered across the range of values (Supplementary Figure 2).
However, all the English setters with LA:Ao exceeding 1.6 had wAo < 0.9, similar to

Boxers and Beagles.

Because a single investigator (Investigator 1) provided most of the data for Boxers and
English setters, we examined whether this investigator simply imaged and measured
aortic valves differently from the other investigators. We found that measurements of
investigator 1 were smaller only than those of investigator 4, who had the largest
measurements (on average). Furthermore, after measurements obtained from Boxers
were removed from the analysis, we observed no differences in measurements between

Investigator 1 and the other investigators.

Additionally, Investigator 1 did not measure the same images differently from other
investigators. Investigator 5 measured aortae larger than all other investigators (P<0.05
for all pairwise comparisons). The average inter-observer coefficient of variation for

measuring aortic dimensions was 5.3% (median 4.9%). The average maximum
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difference for measurements between investigators was 1.1 mm (median 1.0 mm) with
the largest maximum difference for any image being 2.63mm (for an aorta that

measured 24 mm).

Discussion

Our study suggests that the previous upper reference limit for two-dimensionally
measured LA:Aouax of 1.6, obtained from the right parasternal short-axis view, is
reasonable, but might slightly underestimate the true range, resulting in misdiagnosis of
some healthy dogs with LA:Aouax slightly exceeding this limit as having left atrial
enlargement. In our current study, approximately 10% of apparently healthy dogs
exceeded this limit. Our study augments previous research by providing reference
limits for LA:Ao measurements obtained during different points in the cardiac cycle,
provides more robust data for left atrial dimension indexed to the weight-based aortic
dimension (wLA), and provides novel data for the left atrial dimensions indexed to
bodyweight. We identified at least two breeds in which the LA:Ao measurements
exceeded traditional reference limits [2,3] in a moderate proportion of the individuals:
boxers and English setters. Therefore, clinicians should perhaps interpret LA:Ao
measurements cautiously when examining individuals of these breeds. Whether similar
issues exist with breeds absent from our study, or represented by too few individuals

(e.g. Beagles), remains to be determined.

Our study also provides reference limits for LA:Ao measured during different points in
the cardiac cycle, and from the right parasternal long-axis view. Some clinicians have
proposed that the right parasternal long-axis view is superior to the short-axis views,

because it avoids measurement into the pulmonary venous ostia, especially in dogs
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with left atrial enlargement [7]. Others have suggested that measuring the left atrium
and aorta in the short axis view at the end of ventricular diastole, or onset of atrial
systole provide clearer images of the aorta and left atrium (Luis Fuentes, personal
communication). Therefore, our study provides reference intervals for clinicians who

prefer to use time points or views that differ from the traditional method (LA:Aomaxrrsa))-

Our finding that LA:Aomax, obtained from the right parasternal short-axis view, might
exceed 1.6 in approximately 10% of dogs has clinical implications. Several studies
have used reference limits of 1.5 or 1.6 when determining left atrial enlargement [14—
18]. This would tend to increase the number of dogs falsely identified as having mild left
atrial enlargement. Indeed, a recent study defined “mild enlargement” as LA:Ao
between 1.5 and 1.7 [14]. The authors of that study, however, did not examine the
agreement or accuracy of identifying “normal” vs “mildly enlarged” left atria — our data
suggest that such accuracy would be low. Other studies have shown an increased risk
of cardiac death in dogs with mitral valve disease when LA:Ao exceeds 1.7 [16] — that
would seem intuitive given our data suggesting that LA:Ao <1.7 can be (and most

probably is) normal in many dogs.

Whilst many of veterinary cardiologists use LA:Aowax, other investigators routinely
report the use of the minimal LA:Ao [19,20], or LA:Aop, and some do not report the

exact technique used [21].

As previous studies [8] and our data show, these measurements are not
interchangeable and inconsistency in acquisition or reporting could lead to scientific and
clinical confusion. Because of this lack of interchangeability, clinicians should report the

view and timing of their measurements of LA:Ao to avoid confusion and to maintain
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consistency. This should be done both for clinical cases and studies describing LA:Ao

measurements submitted for publication.

Recently, investigators examined the LA:Aowax from the right parasternal long-axis view
in 80 healthy dogs using two-dimensional echocardiography [7]. They measured the
aorta from a long-axis view, rather than short-axis view, and obtained reference
intervals slightly larger than those of our study or the original study by Rishniw and Erb
(2.4 vs 2.1) [2]. However, in the figures from that paper, the authors appeared to
measure the aorta during systole (valve cusps appear open in the representative figure)
and the line of measurement appears to extend from cusp to cusp, rather than wall to
wall. This would result in a potentially smaller aortic diameter than that obtained from

the short-axis view, and therefore, would increase the resultant LA:Ao measurement.

Our data support and augment those of another recent study, where investigators
determined left atrial and left ventricular reference intervals in 122 healthy adult dogs
[4]. Our data are remarkably similar to those obtained by Visser and colleagues, with
few exceptions. The upper reference limits for LA:Aowax are virtually identical. The
scaling exponents for left atrial and left ventricular dimensions indexed to bodyweight in
that study (0.309 and 0.299, respectively) mirror those from our study (0.31 and 0.295)
and those of the left ventricular dimensions measured by Cornell and colleagues (0.294)
[12]. The upper reference limits for left ventricular dimensions indexed to bodyweight
are almost identical to those proposed by Cornell and colleagues (1.89 vs 1.85).
However, the upper reference limits for LV and LA indexed to bodyweight proposed by
Visser and colleagues (1.67 and 1.65 respectively) are smaller than those in our study

(and those proposed by Cornell and colleagues). Several reasons exist for these



297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

differences. First, Visser and colleagues had a single investigator perform all the
imaging, and another single investigator perform all the measurements. Any inherent,
systematic measurement bias (or imaging bias) would remain undetected with such an
approach. Second, inter-observer variability is generally greater than intra-observer
variability, which would result in a less variable data set from which to generate
reference limits. Finally, the two studies used different methods to determine reference
intervals — Visser and colleagues used a parametric approach that discarded the upper
and lower 2.5" percentiles, while we used a non-parametric approach, which tends to

give slightly wider reference intervals than parametric methods.

We had multiple investigators submit data. We did not examine all aspects of inter-
observer or intra-observer variability, as this has been examined for various
echocardiographic variables previously, and for several of the investigators involved in
our study [7,9,22—-24]. Furthermore, unpublished data suggest that most cardiologists
or clinicians routinely performing echocardiographic examinations obtain similar
measurements for LA:Ao when measuring the same image from healthy dogs.” In only
one primary analysis (LA:Aop) did one investigator (Investigator 1) provide
measurements that differed statistically from three other investigators, but the
magnitude of the difference was small (approximately 0.1 units), and not clinically
important. Furthermore, when we examined the source of variation for this investigator,
the wLAp and LAp were both smaller, rather than larger than most of the other
investigators. Therefore, the reason for the larger LA:Aop was not a larger LA
measurement, but a smaller Aop measurement. We examined the wAo and Aop

measurements between investigators, and confirmed these suspicions. However, the
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other aortic measurements did not differ between investigators. When we examined
whether Investigator 1 consistently measured aortic valve dimensions smaller than
other investigators, we found that this investigator differed only from one other observer,
who tended to measure the dimensions larger than the other investigators. Because we
could not all image the same dogs and compare images, we cannot rule out the
possibility that Investigator 1 imaged dogs differently. However, this investigator did
provide measurements for 12/16 Boxers and 9/15 English setters. Of these, all 12
Boxers and three English setters had wA0<0.91. Importantly, the remaining four
Boxers, imaged by other investigators, also had wA0<0.91, and two other English
Setters also had wA0<0.91. Consequently, the small difference between data
submitted by the investigators could represent differences in aortic size of the sample
populations, rather than biased measurement. When we excluded this investigator from
the calculation of reference intervals, we found a small decrease in the upper reference
limit for LA:Aop (from 1.70 to 1.65). Similarly, excluding these two breeds also
decreased the upper reference limit for LA:Aop from 1.70 to 1.66. However, given that
LA:Ao estimates are commonly reported to one decimal point, these differences would
be abolished by “rounding” of the values (producing an upper limit for LA:Aop of 1.7).
Therefore, our data provide a generalizable evaluation of LA:Ao in healthy dogs, which

can be reasonably extrapolated to the canine population at large.

One of the breeds that commonly exceeded the historical LA:Aomaxrpsa) reference limit
of 1.6 was the boxer. Previous studies have demonstrated that boxers have smaller
aortae for their bodyweight than other breeds [25]. Our data support this observation,

with all boxers in our study having wAo <1.0 and 13/16 having wAo <0.9. Examination
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of the data showed that, although wAo had no relationship with bodyweight, all but two
boxers in our study fell below a wAo value of 0.9 in a plot of wAo vs bodyweight
(Supplementary Figure 2). Similarly, the English setters and Beagles with large LA:Ao
(>1.6) had wAo < 0.9, while English setters with normal LA:Ao had wAo > 0.9. This
suggests that, rather than having large LA, some breeds, and some individuals within
breeds have small aortae for their size. Indeed, all the dogs with LA:Ao >1.6 in our
study, regardless of breed, had wAo <1.0 — in other words, their large LA:Ao was the
result of a smaller-than-expected aorta, rather than a big left atrium. Therefore,
clinicians might need to examine the aortic size for some dogs that appear to have mild
or equivocal left atrial enlargement, based on LA:Ao calculations, before classifying
such individuals as “abnormal”, especially if no other abnormalities can be detected. If
an individual has a wAo that is <1.0, clinicians should consider the possibility that the

large LA:Ao is the result of a small aorta, rather than a big left atrium.

Somewhat surprisingly, 75% of our population had a wAo <1.0, and 62% had a wAo
<0.95, regardless of their bodyweight or LA:Aowax. This might suggest that our
population was somewhat overweight (we did not estimate body condition scores for
any dogs). However, boxers and setters are not commonly overweight — indeed, the
English setters were mostly hunting dogs, imaged by two investigators, and the boxers
were imaged by two investigators. Therefore, these dogs might represent populations
that truly have small aortae (on occasion) for their body size. We cannot, with our study
design, completely rule out the effect of investigator, or a breed-investigator interaction
as a reason for our findings in English setters and boxers. However, our findings for

boxers agree with previous observations of aortic size.
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We did not examine relationships with age or sex. We did not record hydration status or
blood pressure for any dogs. Neither age, nor sex have been shown to affect the
variables of interest. We had no reason to suspect that our cohort of apparently healthy

dogs should have hypertension, or be dehydrated.

In conclusion, we present more robust reference intervals for LA:Ao in dogs from two
views and three distinct diastolic time points. We have shown that previously published
upper reference limits for LA:Aoyax might be slightly low and that LA:Ao obtained at

different time-points or from different views are not interchangeable.

Conflicts of Interest
The authors have no conflict of interest to disclose.
Funding sources

This study was not funded by any agency.

Endnotes
9 MedCalc, version 18.10.2, MedCalc Software bvba, Ostend, Belgium

" M Rishniw, D Dickson, D Caivano. Interobserver variability in two-dimensional
echocardiographic left atrial measurements is complex. Proceedings of the 25th

Congress of the ECVIM, September 2015, Lisbon, Portugal



385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

References

[1]

[2]

3]

[4]

[3]

[6]

[7]

Hall DJ, Cornell CC, Crawford S, Brown DJ. Meta-analysis of normal canine
echocardiographic dimensional data using ratio indices. J Vet Cardiol

2008;10:11-23.

Rishniw M, Erb HNN. Evaluation of four 2-dimensional echocardiographic

methods of assessing left atrial size in dogs. J Vet Intern Med 2000;14:429-35.

Hansson K, Haggstrom J, Kvart C, Lord P. Left atrial to aortic root indices using
two-dimensional and M-mode echocardiography in cavalier King Charles spaniels

with and without left atrial enlargement. Vet Radiol Ultrasound 2002;43:568-75.

Visser LC, Ciccozzi MM, Sintov DJ, Sharpe AN. Echocardiographic quantitation of
left heart size and function in 122 healthy dogs: A prospective study proposing
reference intervals and assessing repeatability. J Vet Intern Med 2019;[epub

ahea.

Brown DJ, Rush JE, MacGregor J, Ross Jr JN, Brewer B, Rand WM. M-mode
echocardiographic ratio indices in normal dogs, cats, and horses: a novel

quantitative method. J Vet Intern Med 2003;17:653-62.

Georgiev R, Rishniw M, Ljungvall I, Summerfield N. Common two-dimensional
echocardiographic estimates of aortic linear dimensions are interchangeable. J

Vet Cardiol 2013;15:131-8.

Strohm LE, Visser LC, Chapel EH, Drost WT, Bonagura JD. Two-dimensional,



406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

[8]

[9]

[10]

[11]

[12]

long-axis echocardiographic ratios for assessment of left atrial and ventricular size

in dogs. J Vet Cardiol 2018;20:330-42.

Dickson D, Caivano D, Patteson M, Rishniw M. The times they are a-changin’:
Two-dimensional aortic valve measurements differ throughout diastole. J Vet

Cardiol 2016;18:15-25.

Dickson D, Caivano D, Matos JN, Summerfield N, Rishniw M. Two-dimensional
echocardiographic estimates of left atrial function in healthy dogs and dogs with

myxomatous mitral valve disease. J Vet Cardiol 2017;19:469-79.

Friedrichs KR, Harr KE, Freeman KP, Szladovits B, Walton RM, Barnhart KF,
Blanco-Chavez J. ASVCP reference interval guidelines: determination of de novo
reference intervals in veterinary species and other related topics. Vet Clin Pathol

2012;41:441-53.

Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong A, Ernande L, Flachskampf
FA, Foster E, Goldstein SA, Kuznetsova T, Lancellotti P, Muraru D, Picard MH,
Rietzschel ER, Rudski L, Spencer KT, Tsang W, Voigt J-U. 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 2015;28:1-39.e14.

Cornell CC, Kittleson MD, Della Torre P, Haggstrom J, Lombard CW, Pedersen
HD, Vollmar A, Wey A, Torre P della, Haggstrom J, Lombard CW, Pedersen HD,
Vollmar A, Wey A. Allometric scaling of M-mode cardiac measurements in normal

adult dogs. J Vet Intern Med 2004;18:311-21.



428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

[13]

[14]

[15]

[16]

[17]

[18]

Geffré A, Concordet D, Braun J-P, Trumel C. Reference Value Advisor: a new
freeware set of macroinstructions to calculate reference intervals with Microsoft

Excel. Vet Clin Pathol 2011;40:107-12.

Duler L, LeBlanc NL, Cooley S, Nemanic S, Scollan KF. Interreader agreement of
radiographic left atrial enlargement in dogs and comparison to echocardiographic

left atrial assessment. J Vet Cardiol 2018:319-29.

Wesselowski S, Borgarelli M, Bello NM, Abbott JA. Discrepancies in Identification
of Left Atrial Enlargement Using Left Atrial Volume versus Left Atrial-to-Aortic

Root Ratio in Dogs. J Vet Intern Med 2014;28:1527-33.

Baron Toaldo M, Romito G, Guglielmini C, Diana A, Pelle NG, Contiero B, Cipone
M. Prognostic value of echocardiographic indices of left atrial morphology and
function in dogs with myxomatous mitral valve disease. J Vet Intern Med

2018;32:914-21.

Malcolm EL, Visser LC, Phillips KL, Johnson LR. Diagnostic value of vertebral left
atrial size as determined from thoracic radiographs for assessment of left atrial
size in dogs with myxomatous mitral valve disease. J Am Vet Med Assoc

2018;253:1038-45.

Boswood A, Haggstrom J, Gordon SG, Wess G, Stepien RL, Oyama MA, Keene
BW, Bonagura J, MacDonald KA, Patteson M, Smith S, Fox PR, Sanderson K,

Woolley R, Szatmari V, Menaut P, Church WM, O’Sullivan ML, Jaudon J-P, et al.
Effect of Pimobendan in Dogs with Preclinical Myxomatous Mitral Valve Disease

and Cardiomegaly: The EPIC Study-A Randomized Clinical Trial. J Vet Intern



450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

[19]

[20]

[21]

[22]

[23]

[24]

[25]

Med 2016;30:1765-79.

Sargent J, Muzzi R, Mukherjee R, Somarathne S, Schranz K, Stephenson H,
Connolly D, Brodbelt D, Fuentes VL. Echocardiographic predictors of survival in

dogs with myxomatous mitral valve disease. J Vet Cardiol 2015;17:1-12.

Chetboul V, Tissier R. Echocardiographic assessment of canine degenerative

mitral valve disease. J Vet Cardiol 2012;14:127-48.

Dukes-McEwan J, French AT, Corcoran BM. Doppler echocardiography in the
dog: measurement variability and reproducibility. Vet Radiol Ultrasound

2002;43:144-52.

Dickson D, Shave R, Rishniw M, Harris J, Patteson M. Reference intervals for
transthoracic echocardiography in the English springer spaniel: a prospective,

longitudinal study. J Small Anim Pract 2016;57:520-8.

Schober KE, Baade H. Comparability of left ventricular M-mode echocardiography
in dogs performed in long-axis and short-axis. Vet Radiol Ultrasound

2000;41:543-9.

Hoéllmer M, Willesen JL, Tolver A, Koch J. Comparison of four echocardiographic

methods to determine left atrial size in dogs. J Vet Cardiol 2016;18:137—-45.

Cunningham SM, Rush JE, Freeman LM, Brown DJ, Smith CE.
Echocardiographic ratio indices in overtly healthy Boxer dogs screened for heart

disease. J Vet Intern Med 2008;22:924-30.



471  Table 1. Summary statistics for right parasternal short-axis LA:Aop measurements

472  provided by 5 investigators

Investigator n  Minimum 25th % Median 75th % Maximum

1 131 0.97 1.25 1.39 1.49 1.99
2 43 0.97 1.24 1.30 1.39 1.80
3 17 1.09 1.20 1.29 1.32 1.50
4 6 1.00 1.15 1.41 1.53 1.70
5 23 1.09 1.22 1.26 1.32 1.62
6 13 1.07 1.29 1.37 1.43 1.54

473
474  Investigator 1 differed from Investigators 2, 3 and 5 (P=0.02)

475  LA:Aop: Left-atrial-to-aortic ratio measured at the onset of atrial systole.
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Table 2. Reference limits for LA:Ao measurements obtained from 2 views at different

points in the cardiac cycle from 233 healthy adult dogs.

Variable

(measurand)

Lower

reference limit

90%

Confidence

interval of the

lower

reference limit

Upper

reference limit

90%

Confidence

interval of the

upper

reference limit

LA:AOnmax (RPsA)
LA:AOp (rRPsA)
LA:AomiN (RPsA)
LA:AOmax (RPLA)
wLA

NLAMAX (RPSA)
NLAMIN (RPSA)
NLAP RPsa)

NLAMAX (RPLA)

1.05

1.04

0.86

1.40

0.97

0.72

0.53

0.65

1.15

0.97-1.10

0.97-1.08

0.75-0.94

1.33-1.49

0.92-1.07

0.7-0.8

0.47-0.55

0.58-0.7

1.09-1.17

1.73

1.70

1.53

2.11

1.57

0.89

1.07

1.73

1.67-1.76

1.62-1.83

1.48-1.65

2.07-217

1.54-1.62

1.15-1.2

0.85-0.92

1.05-1.09

1.64-1.79

LA:Ao: Left-atrial-to-aortic ratio; RPSA: Right parasternal short-axis view; RPLA: Right

parasternal long-axis view; LA:Aouax: Left-atrial-to-aortic ratio measured at the maximal

left atrial diameter (early diastole); LA:Aowun: Left-atrial-to-aortic ratio measured at the

onset of ventricular systole; wLA: left atrial-to-weight-based aortic ratio; nLAwax:

maximum left atrial diameter indexed to bodyweight; nLAyn: minimal left atrial diameter
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489

indexed to bodyweight; nLAp: left atrial diameter at the onset of atrial systole indexed to

bodyweight.



490 Table 3. Scaling exponents, proportionality constants and upper reference limits for
491  canine left atrial measurements indexed to bodyweight obtained from 233 dogs.

492
90%
Confidence
Variable Scaling Proportionality Upper
interval of the
(measurand) exponent (b)®  constant (m)®  reference limit
upper
reference limit
NLAMAX (RPSA) 0.355 0.989 1.17 1.15-1.2
NLAP (rPsA) 0.346 0.937 1.07 1.05-1.09
nLAM|N (RPSA) 0.387 0.845 0.89 0.85-0.92
NLAMAX (RPLA) 0.31 1.14 1.73 1.64-1.79
493

494 2 Scaling exponent and constant fit the regression equation Y = mx®

495 RPSA: Right parasternal short-axis view; RPLA: Right parasternal long-axis view;

496  nLAwax: maximum left atrial diameter indexed to bodyweight; nLAyn: minimal left atrial
497  diameter indexed to bodyweight; nLAp: left atrial diameter at the onset of atrial systole
498  indexed to bodyweight.
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Figure Legends

Figure 1. Left-atrial-to-aortic ratio measurements for six investigators, obtained at the P
wave from the right parasternal short-axis view. Investigator 1 (black circles) had
slightly higher left-atrial-to-aortic ratio (LA:Ao) measurements than investigators 2
(triangles) and 3 (diamonds) (P=0.02). RPSA - right parasternal short-axis, LA:Aop —

LA:Ao obtained at the P wave of the ECG

Figure 2. (A) Box and whisker plots of the left-atrial-to-aortic ratio measurements,
obtained in early diastole (LA:Aowax), for every breed (and mixed-breed dogs) included
in the study represented by more than one individual. The boxes denote the quartiles,
the line denotes the median, the whiskers extend to 1.5x the interquartile range and
circles denote values falling outside of the whiskers. (B) Dot plots showing the

distribution of LA:Aouax for Beagles, Boxers and English setters.

Figure 3. Weight-based aortic (wAo) measurements plotted against left-atrial-to-aortic
ratios obtained from the right parasternal short-axis view in early diastole (LA:Aomax)
display a modest negative relationship. Most dogs with LA:Aowax>1.6 had a wAo <0.9
(lower right quadrant), especially English setters (open squares), Boxers (grey

diamonds) and Beagles (open triangles).

Supplementary Figure 1. Left-atrial-to-aortic ratios, obtained from the right parasternal
short axis view in early diastole (A, RPSA LA:Aowax), at the P wave (B, RPSA LA:Aop),
at the onset of systole (C, RPSA LA:Aown); Left-atrial-to-aortic ratio obtained from the
right parasternal long-axis view in early diastole (D, RPLA LA:Aowmax); weight-based left

atrial measurements, obtained from the right parasternal short-axis view in early
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527

diastole (E, RPSA wLAwax); and weight-based left ventricular measurements, obtained
from the right parasternal short-axis view in diastole (E, RPSA wLV). No variables

demonstrated any relationships with bodyweight.

Supplementary Figure 2. Weight-based aortic measurements (wAo) plotted against
bodyweight. Boxers (grey diamonds) and Beagles (open triangles) consistently fell
below a wAo of 0.95. English setters (open squares) were scattered above and below

this value.
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