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Abstract

Background: Myxomatous mitral valve degeneration (MMVD) is the most common heart disease affecting small dogs,
it reduces cardiac output resulting in compensatory adaptation of the autonomic nervous system. Chronically, it leads
to reduced heart rate variability (HRV) which is an accurate marker for autonomic balance. More than two decades ago
in human medicine an indicator of autonomic balance that happens after a premature ventricular beat, it was described
as heart rate turbulence (HRT). In humans with ischemic heart disease, the absence of HRT has proven to be a more
accurate and an independent indicator of mortality than known HRV parameters. Currently, there are very few studies of
HRT in dogs and it is still not tested in small dogs within different stages of myxomatous mitral valve disease.

Aim: The aim of this study was to assess the HRT indicators, onset and slope, in small dogs with myxomatous mitral
valve disease and to statistically test it.

Methods: Dogs under 25 kg had electrocardiogram and echocardiography performed and, in some patients, holter
monitoring was carried out. Data were divided into groups B1, B2, C, and D for mean comparison with analysis
of variance and Tukey test. In addition, receiver operating characteristic (ROC) curve for differentiating among
symptomatic and asymptomatic dogs and for differentiating between remodeled and non-remodeled hearts. The
Pearson was executed after correlations of turbulence onset (TO) and turbulence slope (TS) with commonly used
echocardiographic parameters.

Results: Variance analyses held significant differences in TO and TS between stages Bl from stages C and D,
while B2 held similarity to the other groups. In the receiver operating curve was found a very good area under the
curve for differentiating among symptomatic and asymptomatic dogs and remodeled and non-remodeled dogs. Few
echocardiography parameters held weak correlation with TO while others held weak to moderate correlation with TS.
Conclusion: In dogs with MMVD and without other diseases, HRT is a feasible indicator for autonomic balance. Our
result suggests HRT changes as the MMVD progresses and congestive heart failure is present. More studies with HRT
are needed. The number of ventricular premature contractions (VPCs) may be the strongest limitation for the technique.

Keywords: Baroreflex, Autonomic balance, Heart rate variability, Turbulence slope, Turbulence onset.

Introduction

In human medicine, a baroreflex indicator is heart rate
turbulence (HRT). This demonstrates the response of
the cardiac cycle after a premature ventricular beat
interrupts  sinus rhythm. This non-invasive method
stratifies the risk of death and proved to be a strong and
independent indicator in man with results better than
heart rate variability (HRV) (Schmidt ez al., 1999). The
HRT is considered to be a biphasic indicator, starting
with the turbulence onset (TO), defined as the initial
or the acceleration phase and the turbulence slope
(TS), considered the terminal or deceleration phase.
Intrapatient variability may occur depending on coupling
interval time, and heart rate (Bauer ef al., 2008).

In people with mitral valve prolapse HRT was
statistically different from normal subjects, while HRV
showed no difference (Gunduz et al., 2006). When
divided by the New York Heart Association scale
classes I and II had a significantly higher HRT slope
than patients in class III (Davies et al., 2001).

In dogs myxomatous mitral valve degeneration (MMVD)
also known as endocardiosis accounts for 75% of all
cardiovascular diseases in dogs under 25 kg and is the
heart disease with the highest morbidity and mortality.
Clinical signs are generally seen >7 years of age. The
mitral degeneration leads to regurgitation and reduced
cardiac pumping ability causing volume overload of
the left atrium and ventricle (Borgarelli et al., 2008;
Fox, 2012).
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The objective of the present study was to assess and
compared the HRT in dogs with myxomatous mitral
valve disease at stages B1, B2, C, and D, to calculate
it sensitivity and sensibility through receiver operator
characteristic (ROC) analyses and to check for
correlations with commonly used echocardiographic
parameters.

Materials and Methods

The study was conducted at the Veterinary Hospital of
Universidade Federal do Parana. The data collection
was designed to gather only information of male
and female dogs under 25 kg presenting a mitral
valve regurgitation due to mitral valve myxomatous
degeneration in stages B1, B2, C, and D.

The retrospective part of the study was done with data
of 15 dogs while for the prospective analysis 18 dogs
were accepted. The total number of dogs enrolled
in groups Bl, B2, C and D were 10, 7, 10 and 7
respectively, in a total of 34 subjects, 18 females and
16 males. The most common breeds were cross breed
dogs (13% or 31%) and poodles (10% or 24%). A total
of 19 holter and 15 electrocardiogram examinations
were performed (Table 1).

For all patients, electrocardiography, echocardiography,
creatinine were available, some patients also had
exams of seric cACTH or T4, those with diagnosed
hyperadrenocorticism or hypothyroidism were not
accepted. Retrospective patients had no holter data
available, thus only their electrocardiography record
was used for the analyses and only prospective patients
had holter carried out. Animals in stages B2, C, and
D were medicated according to American college of
veterinary internal medicine (ACVIM) guidelines
(Keene et al., 2019).

If the prospective dogs met all the inclusion criteria
the owners were invited to participate in the study
by 24 hours holter monitoring of the dog. In the
electrocardiography and holter if a sinus rhythm, sinus
arrhythmia or sinus tachycardia was the main rhythm
and at least one ventricular premature contraction

(VPC) was present the patient was accepted for HRT
calculation.

Only dogs with maximal creatinine seric level of 1.4
mg/dl were considered having normal renal function
and thus accepted (IRIS, 2019). Not all patients
were tested but patients showing clinical signs of
hyperadrenocorticism were assessed with seric cACTH,
dexamethasone test and ultrasound as suggested by
Behrend et al. (2013). Patients with clinical signs of
hypothyroidism had the seric thyrotropin (TSH) and
serum-free thyroxine (T4) levels assessed. The seric T4
level was assessed by dialysis method.

The exclusion criteria were the inexistence of VPCs
on dogs’ electrocardiography or holter recordings;
interpolated VPCs were not accepted. Additionally,
if the main rhythm was sustained atrial fibrillation,
sustained ventricular tachycardia, sustained bigeminy,
or trigeminy the dog was excluded.

Dogs in groups C and D were not accepted if they
were in decompensated heart failure (HF) and showing
clinical signs of congestive heart failure (CHF), e.g.,
dyspnea or pulmonary edema. Pulmonary edema was
assessed with thoracic radiographs.

On the echocardiography, patients were excluded
if they had severe tricuspid valve insufficiency,
pulmonary hypertension greater than 75 mmHg, or any
other congenital or acquired heart disease. If the dog
had seric levels of creatinine, TSH and T4 out of the
normal reference range or if had a positive diagnosis
for hyperadrenocorticism it was excluded.
Echocardiography

The echocardiography was done by a proficient
cardiologist. At first, the dog’s fur was clipped, the dog
was gently held in lateral recumbency and gel applied.
The right parasternal view was used to assess the size of
the left ventricle and left atrium to aorta ratio (LA/A0).
To evaluate the left ventricle, the M-mode was used to
measure the chamber at the point between the papillary
muscles in systole and diastole, the LA/Ao was assessed
through the Swedish method. The LA/Ao ratio was

Table 1. Table containing the study demography, groups were divided according to their MM VD stage. The table
contains the gender, the average, minimum and maximum age and weight of the dogs included in the study.

B1 (10) B2 (7) C (10) D (7)
Age Weight Age Weight Age Weight Age Weight
Female (18) 13.5 12.1 10.5 14.6 13.5 6.2 12 5.6
min-max (12-15)  (1.7-21.7) (8-14) (4.8-23) (9-18) (2.8-12) 10-13) (3-9.5)
Male (16) 12.3 13.5 12.3 12.3 10.2 13.7 6.1
min-max (8-15) (4.5-25) 9-15) (2.2-9.2) (10-15) (7.4-13.8) (10-15) (3-9.95)

The most common breeds were cross breed dogs (13) and poodles (10). A total of 19 holter and 15 electrocardiogram

examinations were performed.
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assessed measuring the diameter of both structures at the
bidimensional view, right after the aortic valve closure.
The dogs were classified according to the ACVIM
guidelines (2019), with B1 class having mitral valve
insufficiency without left atrium remodelment. The main
criteria to classify B2 patients was the finding of mitral
valve insufficiency and remodeled left heart, ventricle or
atria, without clinical signs. Remodeled left heart was
defined as LA/Ao ratio equal or greater than 1.6 or the left
ventricle internal diameter indexed by the body surface
area (LVDNN) greater than 1.7. The normalization
formula used for diastole was the following:

Left ventricular diastolic diameter/body weight %

Dogs in stage C are those with remodeled hearts with
past or current clinical signs like cough, dyspnea or
weakness caused by the MMVD. Class D were patients
that even under therapy persistently show clinical signs
of MMVD. In the same recumbency, the pulmonary
valve was assessed through color doppler.

After that the patients were positioned in right
recumbency for the left apical 4-chamber view. In this
recumbency, the color doppler was used to assess the
degree valve insufficiency for the mitral, aortic, and
tricuspid valves. The size of the mitral valve regurgitant
jet was compared to the atrial size.

The tricuspid valve was assessed via the left apical
4-chamber view optimized for the right heart. If
tricuspid valve insufficiency was found in the color
doppler then the continuous wave doppler was used to
estimate the pulmonary artery pressure.

The dog was included in the study only if no other
cardiac diseases, congenital, or acquired were found.
When tricuspid regurgitation was present without
pulmonary valve stenosis, the pulmonary arterial
pressure was estimated with the continuous doppler
over the tricuspid regurgitant jet, dogs were not
accepted if their estimated pulmonary arterial pressure
was over 75 mmHg.

Electrocardiography/holter

The electrocardiograms were recorded and holter
performed by veterinary cardiologists. Human
medicine articles presenting this technique recommend
averaging the HRT of five or more different VPCS of
the same patient (Bauer et al., 2008).

A 3-minute electrocardiogram and a 24-hour holter
were done in the prospective patients. Not all patients
had five or more VPCs, so when a single VPC or more
were available within a sinus rhythm, sinus arrhythmia
or sinus tachycardia, up to five VPCs were used for the
HRT calculation. After that, HRT values were averaged.
The VPCs were chosen based on the coupling interval,
excluding VPCs with coupling intervals shorter than
280 ms. The sum of the VPC compensatory pause plus
the first respiratory rate (RR) interval had to be longer
than the two RR intervals before the coupling interval
with the maximum of 2,000 ms.

The TO was manually calculated as described by
Schmidt et al. (1999), as the difference between the
mean of the first two sinus RR intervals after a VPC
and last two sinus RR intervals before the VPC divided
by the mean of the two sinus RR intervals before the
VPC. As described by the following equation:

To= (RRIaf+RR2af)— (RRIbf+ RR2bf)

(RR1bf+ RR2bf)

RR1af: First R-R interval after the premature ventricular
contraction. RR2af: Second R-R interval after the
premature ventricular contraction.

RRI1bf: First R-R interval before the premature
ventricular contraction. RR2bf: Second R-R interval
before the premature ventricular contraction.

The coupling interval and the compensatory pause were
considered to be point zero (0) for the calculations. The
final TO result is shown as %.

The TS was calculated as suggested by Schmidt ez al.
(1999). The R-R intervals after the VPC, were analyzed
in groups of five, until the 20th R-R interval using linear
regression. Then the steepest regression line found in
the results was chosen as TS value. TS was expressed
as milliseconds per RR (ms/RR).

For statistical analyses, patients were classified
according to ACVIM Consensus definitions (Keene
et al., 2019) where stages B1 and B2 were classified
as asymptomatic and patients stage C and D were
classified as symptomatic.

All data were considered parametric by the Kolmogorov—
Smirnov test and the variance comparison between
the groups were calculated by analysis of variance
test followed by Tukey test, in these p was considered
significant if less than 0.05 (p = 0.05). The sensitivity
and specificity were calculated by the (ROC) curve for
differentiating stage B1 + B2 (non-symptomatic) from
stages C + D (symptomatic) and for differentiating B1
dogs (non-remodeled hearts) from B2 + C + D dogs
(remodeled hearts). The Pearson correlation test (R) was
calculated after correlations between TO and TS and
commonly used echocardiographic parameters, where p
was considered significant if less than 0.05 (p = 0.05).

Results

The variance analyses results for TO and TS are
illustrated in Figures 1 and 2. For TO, the results of stage
B1 were statistically different from stages C and D,
showing that stage B1 had a different response after the
VPC. Stage B2 results were similar to results of stages
B1, C and D. The TO means =+ standard deviations (SD)
for groups B1, B2, C and D are expressed in percentage
(%) and were respectively —11 £ 12.5% —7.5 &+ 9.0,
4.2 +£8.2° 6.0 + 5.5° with p = 0.005, different letters
showing different groups and same letters indicating
similarity. The stage B1 had its minimal value negative
and close to —40% of previous R-R intervals.
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Fig. 1. Box plot graphic for TO of dogs with different
stages of MMVD displaying the mean, SD and
amplitude values. Stage B1 mean was statistically
different from stages C and D means. Stage B2
mean was similar to stages Bl, C, and D means.
The mean + SD for stages B1, B2, C, and D for TO
were, respectively, —11 + 12.5%, =7.5 £ 9.0, 4.2 +
8.2% 6.0 + 5.5% Different letters indicate statistically
significant differences between groups (p = 0.005).
TO, Turbulence onset; SD, Standard deviation. Same
letters indicate similarity between groups.

For TS the mean + SD for groups B1, B2, C and D, in
ms/RR, were respectively 46.8 +23.2% 37.5 £ 15%, 18.3
+ 13.5% 16.5 + 7.5% p = 0.0029, with different letters
indicating statistically significant differences between
groups (p < 0.005).

For both indicators stage B1 had the widest dispersion
overall stages while stage D had the smallest dispersion.
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Fig. 2. Box plot graphic for TS of dogs with different stages
of MMVD displaying the mean, SD and amplitude values.
Stage B1 mean was statistically different from stages C and
D means. Stage B2 mean was similar to stages B1, C, and D
means. The mean + SD for stages B1, B2, C, and D for TS
were, respectively, 46.8 = 23.2%, 37.5 £ 15%®, 18.3 + 13.5°,
16.5 £ 7.5° p = 0.0029. TS, Turbulence slope; SD, Standard
deviation. Same letters indicate similarity between groups.

The ROC curves are plotted together in Figures 3 and 4,
where we can compare the area under the curve (AUC)
of TO and TS for different testing.

In Figure 3, we can evaluate ROC curves for
differentiating stages B1 and B2 from stages C and D,
or asymptomatic dogs versus symptomatic dogs. In this
interrogation, TO had an AUC (mean + SD, 95% CI)
0f 0.883 £0.060, 0.764:1.00, while TS had an AUC (mean £
SD, 95% CI) of 0.890 + 0.055, 0.782:0.999.
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Fig. 3. ROC curves of HRT for differentiating between stages B1 + B2 and C + D, asymptomatic dogs versus
symptomatic dogs. In this interrogation, TO had an AUC (mean + SD, 95% CI) of 0.883 + 0.060, 0.764:1.00,
while TS had an AUC (mean + SD, 95% CI) of 0.890 + 0.055, 0.782:0.999.
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In Figure 4, we can evaluate ROC curves for
differentiating stage B1 from stages B2, C, and D,
or dogs with non-remodeled hearts versus dogs with
remodeled hearts. For this purpose, TO had an AUC
(mean = SD, 95% CI) of 0.800 + 0.087, 0.628:0.971,
while TS had an AUC (mean + SD, 95% CI) of 0.795 +
0.079, 0.640:0.950.

When compared with the echocardiography exam, the
values of TO and TS also showed moderate-to-weak
correlation with commonly used parameters (statistical
significance was set at p = 0.05). The results are shown
in Table 2.

The results of Pearson analyses are plotted in Table
2, there was a weak correlation of TO and LA/Ao,
the maximal transmitral E wave velocity and the E/
E’ ratio. The TS showed a weak negative correlation
with the E/A ratio, E/E’ ratio, while moderate negative
correlation was found with E/isovolumetric relaxation
time (IVRT), maximal E wave velocity and the left
atrium/aorta ratio. Weak positive correlations were
found between TS and the [IVRT, with p < 0.05.

Discussion

The main hemodynamic effect of MMVD is the
regurgitant orifice that leads to a regurgitant volume
and reduced cardiac output (Oztiitk er al, 2016).

The overload consequences come as atrial and/or
ventricle enlargement by eccentric hypertrophy and
in some patients have diastolic or systolic dysfunction
(Rasmussen et al., 2012; Bruce et al., 2019).

The autonomic system compensatory responses to HF
are the reduction of parasympathetic portion response
and increase in sympathetic activity associated with
high serum norepinephrine (NE) concentrations
(Oztiirk et al., 2016).

The effects of sympathetic stimulus on the circulatory
system are the increase in heart rate, contractility,
and cardiac relaxation, while on the blood vessels the
venous capacitance reduces and in peripheral resistance
increases (Lymperopoulos et al., 2013).

One test used in human medicine to assess the levels
of autonomic response is the HRT (Schmidt et al.,
1999). In this study, we tried to assess the autonomic
response of small dogs diagnosed with MM VD through
HRT indicators, TO and TS, using a holter monitor and
electrocardiographic records.

Our results show that TO had a variation within
the groups, as early stages had mean value at the
negative field and with broader amplitude, different
than symptomatic stages. Stage B1 mean value was
statistically different from stages C and D means, it
had the widest dispersion overall and seems to have a

Table 2. Correlation between heart rate turbulence of dogs with MM VD and echocardiographic parameters.

TO (%) TS (ms/RR)
R p R p
LA/Ao 0.4367 0.0178%* —0.5559 0.0009*
LVIDd 0.0290 0.8813 —0.2327 0.1999
LVDNN 0.3410 0.0702 -0.3147 0.0793
LVIDs —0.0870 0.6535 —0.1601 0.3814
LVDSN 0.1041 0.5909 -0.2214 0.2233
FS 0.2513 0.1885 0.0031 0.9864
E 0.4228 0.0223* —0.6092 0.0002*
E/A 0.1269 0.5198 —0.4535 0.0091*
IVRT 0.0444 0.8191 0.3846 0.0297
E/IVRT 0.1044 0.5900 —0.5443 0.0013*
E’ 0.0689 0.7381 -0.3084 0.0914
E/E’ 0.4083 0.0384* —0.4068 0.0231%*
TAPSE -0.0109 0.9596 —0.3463 0.0710
*p £0.05.

E: Peak velocity of early diastolic transmitral flow; E": Peak velocity of early diastolic mitral annular motion as determined
by pulsed wave Doppler; E/A: Ratio of E to A. E/E": Ratio of E to E"; E/TRIV: Ratio of E to IVRT; FS: Fractional shortening;
IVRT: Isovolumetric relaxation time; LA/Ao: Ratio of the left atrial dimension to the aortic annulus dimension; LVIDd: Left
ventricle internal diameter in diastole; LVDNN: Left ventricle internal diameter in diastole corrected by the body surface area;
LVIDs: Left ventricle internal diameter in systole; LVSNN: Left ventricle diameter in systole corrected by the body surface
area; p: Statistical difference; R: Correlation coefficient; TAPSE: Tricuspid annular plane systolic excursion; TO: Turbulence

onset; TS: Turbulence slope.
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Fig. 4. ROC curves of HRT for differentiating between stages Bl and B2 + C + D, or dogs with non-remodeled
hearts versus dogs with remodeled hearts. For this purpose, TO had an AUC (mean + SD, 95% CI) of 0.800 +
0.087, 0.628:0.971, while TS had an AUC (mean + SD, 95% CI) of 0.795 + 0.079, 0.640:0.950.

negative skew. Stage B2 showed similarity to the other
stages. Stage D also had the smallest dispersion among
the groups. These findings suggest that the initial
acceleration phase of the turbulence, TO, is present in
a large portion of early patients, mainly in stage BI,
and that the autonomic response diminishes as CHF
appears in chronic stages of MMVD.

In the HRT early phase, the heart rate acceleration
is associated with parasympathetic withdrawal in
response to less vagal stimulus due to VPC ineffective
blood ejection (Wichterle et al., 2002).

The correlation between TO and baroreflex sensitivity
was lost only after combined autonomic blockade with
atropine, suggesting that, not only parasympathetic
activity but also the sympathetic nervous system might
influence modulation of TO (Lin ef al., 2002; Marine
etal., 2002).

The HR acceleration seems to be linked to the vagal
activity directly over the sinus node (Marine et al.,
2002), and it can be linked to the spontaneous baroreflex
sensitivity (Lin ez al., 2002). There are evidence that beta-
blocker do not reduce TO value (Marine et al., 2002).
The results of TS in this study shows that the mean +
SD in stage B1 is different than in stages C and D, as
well as the amplitude of TS which was greater in stage
B1 than in stages C and D. The TS of stage B2 was not
different to B1, C, and D. These findings suggest that
the baroreflex response is present in the early stages of
the disease as seen in B1 group, and shows that this
response significantly decreases in latter stages of the
disease, represented by stages C and D, as HF worsens
due to MM VD and compensatory response is necessary.
The bigger the TS the greater is heart rate deceleration,
this reflects the intensity of autonomic response.

In higid humans, the late phase of HRT, so called TS, is
known for decrease of heart rate and return of the frequency
to levels previous to the VPC (Wichterle et al., 2002). The
baroreflex sensitivity is responsible for this autonomic
response that has both sympathetic and parasympathetic
components involved (Bauer et al., 2008).

There is evidence that in humans’ intravenous atropine
results in reduction of TS. Humans under B-blockers
also showed reduction of both parameters. TS was
abnormal in all patients after receiving atropine (Marine
etal.,2002).

The correlation between TS and baroreflex sensitivity
was lost after selective parasympathetic and combined
autonomic blockade, with atropine and atropine +
esmolol. Esmolol did not influence the TS. It was
seen that the maintenance of normal HRT was vagally
dependent; and that both TS and TO components
of HRT were closely correlated with spontaneous
baroreflex sensitivity (Lin et al., 2002).

The values of TO and TS in the Bl group were
considered statistically different from groups C and
D, while group B2 had similar values to group Bl
and groups C and D, making group B2 impossible to
differentiate from the others. Results from groups C
and D were also statistically similar.

In group B1, the TO response had a large dispersion
from negative to positive, but the mean value was
negative, as seen in the B2 group. In groups C and D
the means were above the zero line. Of note is that the
amplitude for both TO and TS tended to be smaller as
disease progressed. Our results suggest that the mean
TO and TS values tend to be higher as the patient’s
cardiac condition worsens.
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The results in this study shows that as the MMVD
progresses the dog becomes symptomatic and supports
that the vagal response is impaired in dogs with chronic
HF due to MMVD.

In one study showing a time-domain analysis after
1 minute of ocular compression in dogs with MMVD,
revealed that for every index, the symptomatic group
presented significantly lower values than control and
the non-remodeled groups. After ocular compression,
non-remodeled dogs significantly increased SDNN
(SD of R-R intervals), root mean square of SD of
R-R intervals (RMSSD) and Vasovagal Tonus Index
(VVTI), whereas healthy controls demonstrated an
increase in VVTI only (Briiler ef al., 2018). This comes
in accordance with the present study suggesting that
dogs with heart disease but no-remodeled heart have
some degree of parasympathetic response present.

The diminished response in symptomatic dogs shows
that the parasympathetic response in patients with
remodeled hearts is impaired as it happens in humans
with CHF (Eckberg et al., 1971). Also humans with
untreated mitral regurgitation (MR) also present worse
baroreflex when compared to treated patients (Oztiirk
etal., 2016).

This supports our findings that dogs with heart disease
in CHF stage, represented by stages C and D, have
diminished autonomic response than dogs in non-
congestive stages.

In our study, there was no statistical difference
between stage B2 and other stages for both TO and TS
indicators. This agrees with another study showing that
asymptomatic dogs with remodeled hearts have lower
SDNN, RMSSD, and VVTI when compared to dogs
with non-remodeled hearts. After ocular compression,
there was no significant variation in these parameters in
remodeled groups (Briiler et al., 2018). This supports
the theory that autonomic imbalance precedes
clinical evidence of heart disease (TFESCNASPE
(Task Force of the European Society of Cardiology
and the North American Society of Pacing and
Electrophysiology), 1996).

In dogs with dilated cardiomyopathy, significantly
different results for TO and TS were found when
comparing them to normal dogs, additionally dogs that
survived more than 30 days after diagnosis had TO and
TS different from dogs that did not survive (Noszczyk-
Nowak, 2012a).

Similar results were found in Doberman pinschers,
where the normal dogs had the TO mean value
significantly more negative than dogs with dilated
cardiomyopathy (DCM) and DCM + CHF dogs.
The TS for DCM and DCM + CHF dogs was
significantly different than normal dogs (Harris
etal.,2017).

Furthermore, in the present study plus two other studies
investigating HRT in dogs, the results show that the SD
of the HRT parameters reduced as CHF progressed
(Noszczyk-Nowak, 2012a; Harris et al., 2017).

An interesting observation is that studies of dogs with
DCM and dogs with subaortic stenosis (SAS) reported
mean TO value <0, while dogs with DCM plus CHF
present TO < 0 as well (Noszczyk-Nowak, 2012a,
2012b; Harris et al., 2017). In dogs with DCM in a
few patients, TO was positive during the night, but
on average, the TO value for all analyzed VPCs was
negative (Noszczyk-Nowak, 2012a). This is in contrast
to patients C and D in this study that had mean TO
value over 0. In human medicine, HRT parameters are
considered normal when TO <0% (Bauer et al., 2008).
This comes in accordance with the TO value for stage
D dogs, this was the only group with TO mean + SD
over zero.

This worse response of TO by MMVD patients might
be due to the slow progress of MMVD when compared
to DCM leading to more intense autonomic imbalance.
Chronic activation of compensatory mechanism results
in a state of unbalanced compensatory response leading
to myocardial depletion of NE, abnormal baroreflex,
and reduced expression of B-adrenergic cell surface
receptors and once signs of CHF develop, the condition
is generally progressive and terminal (Tilley ez al., 2008).
Dogs with MMVD have a period of around 766 days
after diagnosis before signs of cardiac disease or
death (Boswood et al., 2016). In other hand, some
patients with DCM may have less than 30 days of
life after diagnosis and can even present sudden death
(Noszczyk-Nowak, 2012a). Doberman pinschers
with DCM usually develop clinical signs around 50
days after diagnosis, while the average survival time
in cocker spaniels is 537 days. It is known that early
treatment increases survival time of MMVD affected
dogs (Luis-Fuentes et al., 2002; Martin et al., 2010).
For the second HRT parameter, the slope, dogs’ stages
B1 and B2 had TS over 25 ms/RR reflecting the lower
autonomic impact of MMVD. In other hand dogs with
MMVD stage C and D showed results lower than 25
ms/RR, that is under the normality threshold suggested
in human medicine. For humans the TS is considered
normal when >25 ms/RR (Bauer et al., 2008).

Other studies of dogs with DCM and SAS reported a TS
under 25 ms/RR, and even the control groups of these
studies had mean TS values under this value (Noszczyk-
Nowak, 2012a, 2012b; Harris et al., 2017). This results
raises questions such as if there are differences in HRT
of small dogs compared to HRT in bigger dogs and if
different conditions like environmental or age related
could result in significant differences in HRT. It could
also be due to an autonomic imbalance in the control
animals of these studies although one of the studies tested
n-terminal pro-brain natriuretic peptide (NT-pro-BNP) in
the control population and the dogs studied were not on
medical therapy (Noszczyk-Nowak, 2012b). This shows
the necessity of HRT studies for better comprehension of
this autonomic indicator.

When HRT is compared to common echocardiographic
measurements, TO had weak positive correlations,
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while TS had three moderate negative correlations
and two negative correlations and a single positive
weak correlation. Both TO and TS had correlation with
atrial size, while TO had weak correlation the TS had
moderate correlation with LA/Ao ratio.

The HRT showed correlation to left ventricle filling
pressures, suggesting volume overload may influence
HRT. The TS had stronger correlations than TO with
echocardiographic parameters, this suggests that TS is
more sensitive, as it had moderate negative correlation
to E/IVRT, maximal E wave velocity and the left
atrium/aorta ratio.

This comes in concordance with other studies affirming
that MM VD patients have increase in left atrial size as
the disease advances along with mitral E wave maximal
velocity and E/A ratio increased in congestive stages
(Kim et al., 2018).

This suggestion is supported by E/IVRT correlation
which suggests that the neurohumoral derangement
leads to the activation of the sympathetic nervous
system and the consequent hypervolemic state has a
negative impact on the relation between left ventricular
filling time and filling pressure. There was also a weak
positive relation between TS and the IVRT.

The TS weak correlation with the E/A ratio and the E/
E’ ratio suggest that diastolic function is important in
the baroreflex, notably there would be some influence
of the myocardial E” diastolic velocity when we talk
about E/E".

The AUC for HRT to differentiate between
asymptomatic dogs and symptomatic dogs and to
differentiate dogs with non-remodeled hearts from
dogs with remodeled hearts was within 0.79 and 0.89
range. It was also noted that the AUC for TO and
TS were more expressive to differentiate between
asymptomatic patients from symptomatic patients,
than to differentiate dogs with non-remodeled hearts
from dogs with remodeled hearts. This diminished
HRT shows that late stages characterized by CHF have
accentuated autonomic imbalance.

The general AUC for HRT parameters was between
0.79 and 0.89, that should be considered a very good
result (Carter et al., 2016). The HRT holds similar or
even greater AUC than other diagnostic parameters in
echocardiography or seric NT-pro-BNP. Accordingly,
Schober et al. (2010) commonly used echocardiography
parameters as E:A ratio, maximal transmitral E wave
velocity and IVRT have an AUC of 0.86-0.89 while
the greatest AUC among echocardiography parameters
was E:IVRT. The same study found that seric NT-pro-
BNP has an AUC of 0.83.

This study was not designed to test the influence
of coupling interval or compensatory pause on
HRT parameters. The role of these two variables is
controversial, with some studies showing that they
may exert weak influence, while HR may have greater
effect on HRT results (Tilley et al., 2002; Stockigt et
al., 2014).

There are also limitations in this study, since no
normality value was collected for dogs in stage A,
it was not possible to compare the results among all
the MMVD stages. Retrospective collection of data
presents challenges in interpretation as it is possible
to ensure consistent quality of data because the
examinations were performed by a number of different
operators.

Another challenge in this study was data collection,
because of the limitation that some patients had less
than five VPCs to be present for the HRT calculation,
which is the standard technique described for human
medicine, while excessive numbers of VPCs can
disturb the sinus rhythm. This difficulty was described
in another article involving HRT in dogs (Harris et al.,
2017), but a third study did not find this as a limitation
(Noszczyk-Nowak ef al., 2012b). In our cohort stage,
B1 dogs had very few VPCs in the electrocardiogram
and the holter exam was not always available due to
time and cost demands. It was hard to acquire sufficient
patients in Class D as well, as suitable patients declined
to participate due to the continuous 24 hour exam
requirement.

In this study, we did not evaluate if there are differences
in HRT of brachycephalic and non-brachycephalic
dogs, but it was shown that brachycephalic dogs can
present greater R-R intervals and have greater VVTI
than non-dolichocephalic dogs (Doxey and Boswood,
2004). Also medication effect on HRT was not
analyzed; however, studies suggest that medication
may affect autonomic balance. It shown that 90 days
of sildenafil may improve parasympathetic activity
in dogs with asymptomatic MMVD, although in
a 180 days comparison there was no difference
found between control, sildenafil or enalapril groups
(Pirintr et al., 2017). Also, there is evidence short
term therapy in dogs with enalapril have significantly
reduced sympathetic activity (Chompoosan et al.,
2014). In humans with infarct after taking beta-
blockers for 12 months abnormal fractal HR behavior
and the slope of HRT still predicted cardiac mortality
(Jokinen et al., 2003).

The physical activities and daily routine were not
evaluated, but they could influence the dogs autonomic
balance by increasing parasympathetic activity
(Valandro et al., 2017).

Currently, dogs affected by MMVD are classified
based on: Stage A predisposition; Stage B1 structural
remodeling not present or not severe enough to
meet the trial criteria; Stage B2—Radiographic,
echocardiographic evidence of atrial or ventricular
enlargement, in this stage is recommended to start the
treatment; Stage C—Denotes dogs with current or past
clinical signs of HF: D—Refers to end-stage refractory
patients (Keene ef al., 2019). Before the onset of CHF,
the heart size can be assessed by vertebral heart score
(VHS) and echocardiography and in vital signs we can
see changes in HR and RR. The HR seems to change
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earlier than RR (Boswood et al., 2020). But clinical
signs may be misinterpreted by owners are highly
subjective and some may be seen in association with
respiratory disease (Atkins et al., 2009). Furthermore,
other studies are required for better comprehension
of HRT in dogs with MMVD without other diseases
according to their HRT results, HRT could be used to
further stratify B1 stage or could be used to monitor
dogs that are in the worst conditions and at higher risk
of dying.

To the authors knowledge, this is the first study of HRT
in dogs with MMVD, and further studies are required
to investigate HRT behavior in different scenarios. In
humans, it is known that HRV can be affected by a vast
amount of conditions like environmental, physiological,
lifestyle, and biologic factors such as genetics and
metabolism. Pathologic conditions as well play a role
in the autonomic balance as it can be seen in HRV of
humans with sepsis, respiratory, renal or heart disease
(Samito et al., 2016). Humans with cardiac autonomic
neuropathy (CAN) due to type 2 diabetes mellitus
have significantly diminished TS when compared to
individuals without CAN (Balcioglu et al., 2007).

In the future maybe changes in TO and TS could be
used for further assessment of autonomic balance
of dogs with MMVD. The conclusions are that HRT
is a feasible tool for assessing the autonomic balance
in dogs, the HRT changes as the MMVD and CHF
progress, the HRT overall accuracy is very good and the
HRT parameters have low to moderate correlation with
some commonly used echocardiographic parameters.
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