
 

 

Serial N-terminal pro-B-type Natriuretic Peptide and Myocardial Strain Imaging in Preclinical 

Dilated Cardiomyopathy in the Doberman Pinscher 

by 

Shari Anne Christine Raheb 

A Thesis 

presented to  

The University of Guelph 

In partial fulfilment of requirements 

for the degree of 

Doctor of Veterinary Science 

in 

Clinical Studies 

 

Guelph, Ontario, Canada 

© Shari Raheb, December, 2020 



 

 

ABSTRACT 

SERIAL N-TERMINAL PRO-B-TYPE NATRIURETIC PEPTIDE AND MYOCARDIAL 

STRAIN IMAGING IN PRECLINICAL DILATED CARDIOMYOPATHY IN THE 

DOBERMAN PINSCHER 

 

Shari Anne Christine Raheb 

University of Guelph, 2020

Advisors: 

Lynne O’Sullivan 

Sonja Fonfara 

  

Dilated cardiomyopathy (DCM) is a common cardiac disease in the Doberman pinscher, 

and consists of a preclinical period (occult DCM; ODCM) that is variable in duration between 

patients. Routine assessment generally consists of yearly echocardiographic and Holter 

monitoring, however investigations into how these tools or others may identify risk of heart 

failure or cardiac death are scarce. In human cardiology, the biomarker N-terminal pro-B-type 

natriuretic peptide (NT-proBNP) and myocardial strain imaging have been used as prognostic 

tools, with serial measurements considered to be superior in regards to risk assessment, yet 

canine investigations in this field are limited. In the present study, serial NT-proBNP and 

echocardiographic measurements, including myocardial strain by speckle tracking 

echocardiography, were performed in 20 Doberman pinschers diagnosed with ODCM based on 

echocardiography and Holter assessment. The patients were evaluated every 3 to 4 months 

between January 2015 and September 2018 until cardiac outcome, defined as first onset of 

congestive heart failure or sudden death, or end of the study.  

 The biomarker NT-proBNP increased over the study period, and its increase over the 

final two visits was a relevant predictor of cardiac outcome. Dogs that went on to experience 

congestive heart failure or sudden death had significantly higher NT-proBNP values over all 



 

 

 

time points than dogs that did not experience a cardiac outcome. Myocardial strain parameters 

did not show predictable patterns over time, and largely were not useful in risk assessment. Left 

atrial size, left ventricular systolic dimension normalized to body weight, and fractional 

shortening at the final visit were significantly associated with cardiac outcome, as was an 

increase in left ventricular systolic volume between the final two visits.  

 Identifying prognostic indicators for dogs with ODCM could have important implications 

for monitoring and therapeutic recommendations. The information gained from the present study 

may be used for subsequent larger investigations into NT-proBNP and conventional 

echocardiographic parameters for monitoring and evaluation of prognosis in Doberman pinschers 

with ODCM, whereas myocardial strain parameters might be of limited use for monitoring and 

assessing prognosis in ODCM in this species. 
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1 Literature Review 

1.1 Introduction 

The following literature review aims to present the background for the investigation of N-

terminal pro-B-type natriuretic peptide (NT-proBNP) and myocardial strain imaging in 

preclinical dilated cardiomyopathy (DCM) in the Doberman pinscher dog. Dilated 

cardiomyopathy in both human and canine patients will be reviewed, while focusing on the 

Doberman pinscher, including what is currently known and what still remains unsolved. Among 

these challenges includes the variable duration of time before clinical signs arise. At present, 

veterinarians caring for Doberman pinschers in the preclinical stage of disease lack tools to 

accurately predict outcome. Current insights into estimating prognosis will be presented, 

reaching to the human cardiology literature for additional prognosticators. Following, a review of 

the cardiac biomarker NT-proBNP will be provided, including its current uses in human and 

veterinary medicine, and in particular how it may be used for risk assessment in cardiac patients. 

Next, myocardial strain imaging obtained by two-dimensional (2D) speckle tracking 

echocardiography (STE) will be introduced, along with its utility in the diagnosis and prognosis 

of DCM and other cardiac disease in human patients. Additionally, the use of serial 

measurements of both biomarkers and strain parameters will be reviewed, along with a 

discussion of where these tools may in future become beneficial to the field of veterinary 

cardiology.  
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1.2 Dilated Cardiomyopathy in Human Patients 

Cardiomyopathies (CMs) refer to diseases of the heart muscle that encompass a 

heterogeneous group of disorders. The definition and classification of CMs has undergone many 

changes over the years with the recognition of new diseases, advances in diagnostics, and further 

insights into causality. 1–4 In 2006, an American Heart Association expert panel put forth the 

following definition, bearing in mind decades of advancements in knowledge:  

“Cardiomyopathies are a heterogeneous group of diseases of the myocardium 

associated with mechanical and/or electrical dysfunction that usually (but not 

invariably) exhibit inappropriate ventricular hypertrophy or dilatation and are due 

to a variety of causes that frequently are genetic. Cardiomyopathies either are 

confined to the heart or are part of generalized systemic disorders, often leading to 

cardiovascular death or progressive heart failure–related disability.” 1 

While this definition is certainly broad, it was created to be so, recognizing that future 

revisions are likely as knowledge in the field continues to grow. According to this most recent 

attempt at classification, the CMs may be divided into two groups: primary and secondary CMs. 

Primary CMs encompass those entirely or predominantly confined to the heart, whereas 

secondary CMs are multiorgan disorders where the heart is concurrently or secondarily affected. 

Of the primary CMs, they can be further divided into those that are genetic, mixed (i.e. both 

genetic and non-genetic etiologies), or acquired. 1 

 Dilated cardiomyopathy is considered a mixed, primary CM according to this 

classification scheme. 1 It is defined as a primary heart muscle disease causing ventricular 

eccentric hypertrophy (dilatation) and systolic dysfunction, and excludes cases where this 

phenotype is present but is due to coronary artery disease or abnormal loading conditions. 3–6 The 
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prevalence of DCM in human populations is around 1:2500. 1 It is one of the most common 

causes of heart failure and is the primary indication for cardiac transplantation. 1,7 Approximately 

20-50% of human cases of DCM are reported to be familial with variable modes of inheritance. 

1,8,9 A variety of gene mutations have been identified that code for many different types of 

proteins including those of the cytoskeleton, sarcomere, and mitochondria, among others. 5,9,10 

Considering DCM in human patients shares many phenotypic similarities with the canine 

disease, human DCM has historically been, and will continue to be, looked upon as a framework 

through which canine DCM can be viewed. Similarly, knowledge gained in the veterinary field 

may be used to further what is known in the human disease.  

 

1.3 Dilated Cardiomyopathy in the Doberman Pinscher 

Dilated cardiomyopathy is one of the most common acquired cardiac disease in dogs, 

second only to degenerative mitral valve disease (MVD), with Doberman pinschers being among 

the most commonly affected breeds. 11 As in humans, DCM in dogs most often affects the left 

ventricle (LV), with both ventricles exhibiting reduced systolic function in some patients. 5 

Dilated cardiomyopathy is the most common type of cardiomyopathy to result in congestive 

heart failure (CHF) in dogs. 12 As reported in people, primary and secondary DCM exists in the 

dog. Several underlying conditions may result in the morphologic appearance of a dilated 

ventricle with reduced systolic function in dogs, such as diet-related causes (including taurine 

deficiency) or exposure to cardiotoxic agents, 11 and in veterinary medicine, the term DCM is 

commonly applied to any heart matching this phenotypic description. However, as with current 

definitions in human cardiology, it is more accurate to reserve the term DCM for cases where 

there is a primary heart muscle disease causing the phenotype, such as genetic causes. Therefore, 
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for the discussion hereafter, the term DCM will refer to the primary CM that results in eccentric 

hypertrophy and systolic dysfunction of the LV, or manifests only as ventricular arrhythmias 

(VA), or both, commonly due to genetic causes in the Doberman pinscher.   

Dilated cardiomyopathy is a significant cause of morbidity and mortality in the 

Doberman pinscher, 6,13,14 a breed in which DCM is inherited. Affected dogs experience a 

preclinical period (often referred to as occult DCM [ODCM]) that can be of variable duration, 

during which left ventricular dilatation and systolic dysfunction can be detected by 

echocardiography and/or VA are detected by Holter monitoring (ambulatory electrocardiogram 

[ECG]), but the patient remains free of clinical signs. An overt phase follows where patients 

eventually experience CHF, syncope, or sudden death (SD). 15–17 Dilated cardiomyopathy, 

encompassing both ODCM and the overt phase, in the Doberman pinscher has a reported 

prevalence of up to 63% from longitudinal screening studies in North America. 18 A large 

European study identified a cumulative prevalence of 58.2% in Doberman pinscher dogs in that 

geographic region. 19 When separated by age group, the highest prevalence was noted in dogs 

above 6 years of age, 19 which is as expected from the acquired nature of DCM. 

Pedigree analysis of families of Doberman pinschers has shown DCM to be inherited in 

an autosomal dominant fashion with incomplete penetrance. 8 Incomplete penetrance is 

suspected when a causal gene results in the phenotype in some individuals carrying the gene 

mutation but not in others. 20 The autosomal dominant mode of inheritance was identified based 

on the fact that the disease was present in multiple generations of Doberman pinscher families, 

that it affected dogs of both sexes, that male dogs could pass the trait to male offspring, and that 

two affected parents could have unaffected offspring. 8 In the Doberman pinscher, three different 

gene mutations have been identified as being associated with the development of DCM in 
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American and European dogs. In a group of Doberman pinscher dogs living in the United States 

of America, Meurs et al. identified a gene mutation in pyruvate dehydrogenase kinase 4 (PDK4), 

important for regulating energy metabolism, as being associated with the DCM phenotype. 21 

However, this mutation was not present in all affected dogs, nor does it appear to be associated 

with DCM in European families of Doberman pinschers. 21,22 Mausburg et al. identified a 

mutation on chromosome 5 that appears to be particularly associated with the arrhythmic 

manifestations (VA including ventricular premature complexes [VPCs] and/or ventricular 

tachycardia of varying severity) of DCM in some Doberman pinschers in the United Kingdom 

and Germany. 23 Most recently, full genome analysis also identified a variant in the titin gene as 

being associated with DCM in a family of Doberman pinschers, while the variant was not present 

in over 500 non-Doberman pinscher dogs (of 87 breeds). 24 The variant was also identified in 

Doberman pinscher dogs not clinically affected with DCM, thus it was determined to 

demonstrate incomplete penetrance, as was the PDK4 mutation previously. 24  

Therefore, from what we know thus far, familial DCM in Doberman pinschers appears to 

be associated with one or more of the identified gene mutations in some but not all cases, 

therefore additional genes or other factors are expected to be involved. This is especially likely 

when considering that upwards of 60 mutations have been identified as being associated with 

DCM in people, with varying degrees of penetrance. 24 Regardless of how much knowledge is 

gained into the genetics of DCM in both dogs and humans, it is likely we will continue to be 

unable to predict with certainty which patients having the genetic potential for disease will 

ultimately manifest the DCM phenotype. Therefore, while work is still required to investigate the 

likely additional genetic mechanisms of canine DCM, concurrent work continues to be required 
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in learning how to identify affected dogs accurately and understanding more about the 

progression of disease.  

 

1.3.1 Preclinical or Occult Dilated Cardiomyopathy 

It is well established, based on Doberman pinscher DCM screening programs, that there 

is typically a phase of disease lasting months to years that is not clinically apparent to the owner 

or potentially even the veterinarian, referred to as preclinical or ODCM. 6,11 Various staging 

systems have been proposed to categorize dogs in different stages of disease, including the 

modified New York Heart Association functional classes, the International Small Animal 

Cardiac Health Council staging system 25, and most recently the American College of Veterinary 

Internal Medicine (ACVIM) Cardiology group classification scheme, which was modified from 

the American College of Cardiology/American Heart Association classification system. 26,27 The 

rationale for establishing staging criteria is to assist clinicians in patient assessment, treatment 

recommendations, and to provide a framework for comparing patients to one another within 

specific stages of disease.  

In the field of human cardiology, these classification schemes are typically used to 

encompass the stages of heart failure that result from heart diseases of any etiology, 27 so while 

the ACVIM classification scheme was written for the staging of MVD, it is reasonable to extend 

these criteria to classify canine DCM and other cardiac diseases. 28,29 In this system, patients are 

classified into stages A through D. Stage A encompasses patients at risk of cardiovascular 

disease, but having no identifiable cardiac abnormalities. 26,27 Any Doberman pinscher dog may 

be considered to be in this stage simply by virtue of their breed and high genetic predisposition. 

8,18,19 Stage B is ODCM, and often is only identified through active screening. Evidence of left 
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and/or right ventricular dilatation and reduced systolic function may be identified by 

echocardiography, VA can be identified by electrocardiography (ECG) or Holter recording, 

and/or ancillary tests such as thoracic radiography or cardiac biomarkers may increase the 

suspicion for DCM in a typical breed. 11,16 In this stage, however, the patient has no clinical signs 

of disease. Some patients may experience SD at any time during this stage, however patients 

who survive may eventually experience stage C, CHF, also referred to as the overt stage of 

disease. 6 Stage D is defined as CHF that is refractory to standard therapy. 26 

The precise pathophysiology of ODCM (Stage B) in Doberman pinschers is not fully 

elucidated. The average age DCM is detected in Doberman pinschers participating in screening 

programs is 5 to 7 years of age, although dogs younger than 2 years of age have been noted to 

have the disease. 13,16,19 Dogs may be diagnosed by echocardiographic evidence of increased LV 

dimensions or volumes in systole and/or diastole and evidence of reduced systolic function, 

and/or by Holter analysis by the presence of VA. 6,16 An individual dog may demonstrate both 

echocardiographic and Holter evidence of DCM, or one form may predominate over the other. 

6,16,30 Over time, ventricular and atrial remodeling progress, resulting in further ventricular 

dilatation and reduction in systolic function, as well as atrial dilatation (most commonly the left 

atrium). 30 These changes ultimately result in a reduction in cardiac output, and therefore the 

activation of many neurohormonal compensatory mechanisms. These include an increase in 

sympathetic nervous system activity, which increases heart rate, myocardial contractility, and 

vasoconstriction, and activation of the renin-angiotensin-aldosterone system, which causes 

sodium and water retention in addition to vasoconstriction. 6,30 Although these systems aid to 

some degree in augmenting cardiac output, they also increase myocardial wall stress and oxygen 

demand, contribute to myocardial fibrosis and further cardiac remodeling, and over time 
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contribute to the risk of congestion. 5,30 There also appears to be increased expression of 

inflammatory cytokines and serotonin receptors in dogs with DCM, both of which may further 

contribute to myocardial fibrosis and remodeling. 31,32. As these myocardial changes progress, 

further reductions in cardiac output may eventually lower blood pressure, signs of congestion of 

the pulmonary or central venous systems may result, and ventricular and/or atrial arrhythmias 

can manifest or worsen, placing patients at risk of respiratory signs, weakness or exercise 

intolerance, syncope, or SD. 6,13 Once clinical signs of DCM are apparent, the patient is 

considered to be in stage C.  

While progression of disease throughout stage B is expected to occur, it can be gradual or 

more rapid in different individuals. 6,15 That this group of dogs is so heterogeneous makes broad 

treatment recommendations or prognostic assessments problematic. The time range from 

diagnosis of stage B DCM to clinical disease varies widely both between breeds and within a 

single breed. 11,33,34 In the Doberman pinscher, one of the earliest reports suggested the time span 

of ODCM could be anywhere from 1 to 15 months, although this range was based only on eight 

dogs. 35 These same investigators’ later experience suggested that Doberman pinschers 

diagnosed with ODCM at a young age commonly progressed to CHF or SD within 3 to 4 years, 

whereas dogs developing the disease later in life were more likely to die from extra-cardiac 

causes, without ever having progressed from the preclinical stage. 36 These impressions, 

however, were not confirmed with a prospective survival investigation. Another study following 

healthy Doberman pinschers and those with ODCM had follow up information on 37 Doberman 

pinschers with ODCM, reporting a median survival time of 474 days (approximately 16 months). 

34 In a large retrospective investigation of prognosis in 163 Doberman pinschers with ODCM, 

the mean time to cardiac endpoint (including CHF or SD) in the entire group was 435 days and 
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median 350 days. 15 After censoring dogs who were still preclinical and those lost to follow up, 

the mean was 541 days and median 404 days. 15 What is perhaps the most interesting finding in 

that study was the large range of times to cardiac outcome, which was anywhere from 3 to 2093 

days (up to approximately 5.7 years). 15   

 Regarding the effect of treatment on cardiac outcomes, there are two medications 

identified that appear to prolong the preclinical period of DCM in Doberman pinschers, delaying 

the progression to stage C. The best evidence available in this regard comes from the PROTECT 

clinical trial, a prospective, placebo controlled, randomized trial of the drug pimobendan. 37 This 

investigation found that administration of pimobendan significantly prolonged (by 9 months) the 

time to cardiac endpoint in Doberman pinschers with ODCM. The median time to primary 

endpoint of CHF or SD was 718 days (interquartile range [IQR] 441-1152 days) in dogs 

receiving pimobendan, compared to 441 days (IQR 151-641 days) in dogs receiving placebo. 37 

The treatment group in this study also demonstrated the longest median time to cardiac outcome 

compared to historical controls, 15,36 although the investigation did not evaluate statistical 

significance compared to historical controls, and as others have reported there was a wide range 

of outcome times. The dogs in that study had to meet specific minimum end-systolic LV 

dimension criteria to be enrolled, and therefore dogs with mild or equivocal DCM would not 

have been evaluated, nor would dogs with only VA as the manifestation of DCM.   

The second form of therapy which may delay time to cardiac outcomes are angiotensin 

converting enzyme inhibitors (ACEI), such as benazepril hydrochloride. In a retrospective 

evaluation of Doberman pinschers with ODCM, it was found that dogs being administered 

benazepril experienced cardiac outcome after a median of 454 days (95% confidence interval 

264-628 days) compared to 356 days (95% confidence interval 181-547 days) for those dogs not 
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receiving an ACEI. 38 The results of this evaluation are in line with the recommendation that 

people with reduced systolic function should receive ACEI therapy. 27 However, to strengthen 

the results would require confirmation via a prospective, randomized clinical trial, which to date 

has not been performed with Doberman pinschers or any other group of canine DCM patients. 

While treatment with pimobendan, and potentially ACEIs, does seem to delay the 

progression of preclinical DCM, there continues to be wide variability in the duration of time 

individual dogs remain in the preclinical period. Some of this variability may be related to 

varying severity or manifestation of disease by the time it is detected. As ODCM is characterized 

by the absence of clinical signs, dogs may be diagnosed earlier or later in the course of stage B. 

However, it is also likely that inherent differences between individual dogs exist, whether it be 

different genetic causes or disease modifying factors as seen in people, 39,40 despite the fact that 

they would all be considered stage B in the ACVIM classification scheme.    

As noted previously, dogs with ODCM do eventually progress to CHF, provided they do 

not die suddenly beforehand, or succumb to another disease process. Once a patient is in CHF, 

the prognosis is particularly poor. 6,33,37 In a large retrospective study of many breeds of dogs 

with CHF from DCM, the median survival time was 19 weeks (IQR 4 – 60 weeks), with a one-

year survival rate of 28%. 13 The clinical period in Doberman pinscher dogs appears to progress 

more rapidly than other breeds, 6,14 with a median survival time of only 39 days (range <1 – 180 

days) in Doberman pinschers compared to a median of 120 days (range <1 – 1230 days) in other 

breeds. 14 Although the addition of pimobendan to standard of care therapy for CHF does 

improve survival times, the median survival time in a small group of Doberman pinschers 

receiving pimobendan, diuretics, and an ACEI was only 130 days (approximately 4 months). 41 

Considering the prognosis for patients in stage C is very poor, patients would benefit from 



 

11 

 

interventions that could prolong the preclinical period and prevent them from reaching the 

clinical stage. This explains the need to further describe and define the preclinical period, 

recognizing the variability among different patients. If patients could be separated into further 

subcategories, whether it be separating patients based on the particular genetics involved in their 

disease, the rate of progression of their individual disease, or based on which neurohormonal 

systems are upregulated, both treatment recommendations and estimates of prognosis could be 

provided more accurately. The ultimate goal will be to prevent these dogs from experiencing 

stage C, or at least prolong the time until they reach this stage, in which the prognosis remains 

extremely poor.  

 

1.3.2 Diagnosis 

One factor potentially involved in the imperfect ability to predict prognosis is the limited 

capacity to accurately diagnose DCM in all affected dogs, particularly early in the disease. 

Commonly applied tools to diagnose DCM in Doberman pinschers are echocardiography, ECG 

and/or Holter analysis, and cardiac biomarkers, among others. Some of the earliest 

echocardiographic descriptions of Doberman pinscher dogs with DCM compared 

echocardiographic measurements of clinically affected dogs demonstrating radiographic 

evidence of CHF to clinically normal Doberman pinschers with reportedly normal radiographic 

and M-mode echocardiographic measurements who did not go on to develop clinical signs of 

disease within 1 year. 35 The dogs described as being affected with CM without clinical signs 

were identified by evidence of left-sided radiographic cardiomegaly and echocardiographic 

evidence of dilatation and myocardial failure, 35 however the specific criteria defining 

radiographic cardiomegaly and myocardial failure were not defined. That said, these dogs did go 
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on to develop CHF within 1-15 months, suggesting that ODCM truly was present. In that study, 

there was considerable overlap between heart measurements of the healthy Doberman pinschers 

and those with DCM. The measurement that was most discriminatory in that investigation was 

mitral valve E-point to septal separation, which was found to have a range of 3-7 mm in the 

healthy group, and 9-18 mm in the ODCM group. 35 The finding that E-point to septal separation 

might be useful in diagnosing DCM was also later found in a large longitudinal study. 42 When 

this parameter was added to M-mode linear LV dimensions, it performed as well as LV volumes 

in diagnosing DCM in Doberman pinschers. 42 

Another group of investigators later identified cut-offs for LV diastolic and systolic linear 

dimensions, above which nearly all of the affected Doberman pinschers developed CHF or died 

from DCM. In that investigation of 103 initially asymptomatic Doberman pinschers, any dog 

with a LV internal dimension at end-systole (LVIDs) above 38 mm (14/14 dogs) experienced 

CHF or SD within the average follow up period of 28 months, and most dogs (13/15) with a LV 

internal dimension at end-diastole (LVIDd) greater than 46 mm experienced CHF or SD in that 

follow up period. 43 Thus, the broad criteria of an LVIDs > 38 mm and/or LVIDd > 46 mm on 

echocardiography was suggested as diagnostic for DCM. Those measurements were not indexed 

to body weight (BW), but considering the relatively similar body size in dogs of the same breed, 

it may be that these numbers are still valuable. Additionally, as the echocardiographic cut-offs 

were determined based on dogs who experienced a cardiac outcome within the follow up time, it 

is possible that more mildly affected dogs were not identified, and the proposed diagnostic cut-

offs could potentially underdiagnose these dogs. Finally, the linear measurements performed by 

the group were done from a right parasternal long axis inflow-outflow view, 43 and therefore it 
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may not be possible to compare these values to those obtained from other investigations if other 

views were used. 16      

While historically linear dimensions have been used to diagnose DCM in dogs, in human 

medicine volume measurements measured by Simpson’s method of discs have been the preferred 

method of measuring LV size. 44,45 In 2010, Wess et al. established LV volumes by Simpson’s 

method that were consistent with DCM in Doberman pinscher dogs based on previously reported 

linear LV dimensions. 45 It was identified that LV volumes greater than 95 mL/m2 and 55 mL/m2 

in diastole and systole, respectively, were consistent with a diagnosis of DCM in Doberman 

pinscher dogs, and the volume cut-offs were found to be more sensitive in detecting dogs that 

would go on to develop evidence of DCM (increased LV linear dimensions) at a later time point. 

45 Based on that single investigation, it has been proposed that volume measurements are more 

sensitive than linear measurements in the echocardiographic diagnosis of DCM, 16 however this 

finding has not been replicated in additional studies, whether in the Doberman pinscher or other 

breeds of dogs.    

With regards to the arrhythmic form of DCM in Doberman pinscher dogs, there may in 

fact be even less clarity in identifying DCM. It is generally accepted that VA in a Doberman 

pinscher (without evidence of extracardiac disease to result in VA) is likely to be indicative of 

DCM even in absence of structural dilatation and systolic dysfunction. 6,34,46 This is supported by 

others identifying the presence of VA in Doberman pinscher dogs who go on to develop the 

morphologic phenotype of DCM. 16,47,48 At present, Holter analysis appears to be the most 

sensitive test to detect preclinical DCM early in the disease process, 19 and is preferable to in-

hospital ECG evaluation. In an investigation following 103 asymptomatic Doberman pinschers, 

O’Grady and Horne found that 100% of the dogs who had one or more VPC on a 3-minute ECG 
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(15/15 dogs) eventually succumbed to a cardiac outcome within the follow up period, 43 

suggesting even a single VPC in hospital may be a specific finding for Doberman pinscher 

DCM. Following that finding, Wess et al. found that one or more VPC on a 5-minute ECG was 

specific but insensitive for identifying the arrhythmic form of DCM, defined in that investigation 

as >100 VPCs in 24 hours recorded by Holter. 46 While consensus does not exist on the number 

of VPCs required to definitively diagnose DCM, various studies have used cut-offs of >50 or 

100 VPCs on 24-hour ambulatory ECG analysis 46–48 as being diagnostic. More recently, it has 

been suggested that >300 VPCs in 24 hours or between 50-300 VPCs on two Holters in a year 

would be diagnostic for DCM, with lesser numbers being considered equivocal. 16 However, as it 

can be difficult to fully rule out the wide range of non-cardiogenic causes of VA 49 in an 

individual patient, any diagnosis of DCM based solely on VA criteria runs the risk of a false 

positive diagnosis. It is also well known that there is significant daily variation in the frequency 

of VA in Boxer dogs with arrhythmogenic right ventricular CM. 50 Assuming this daily 

variability is also true in Doberman pinscher dogs with the arrhythmic form of DCM, false 

negative results are possible if Holter analysis is performed on a day VA severity happens to be 

less.    

The closest the veterinary cardiology community may have to consensus statements on 

the diagnosis of DCM are two published guidelines. In 2003, the European Society of Veterinary 

Cardiology Taskforce for Canine Dilated Cardiomyopathy published a set of proposed guidelines 

for the diagnosis of idiopathic DCM in dogs, based on criteria determined through nearly two 

decades of investigations by several investigators. 11 While this publication is a step towards 

standardizing the diagnostic criteria, it also highlights the difficulty in making the diagnosis in 

many cases, particularly where there are size and breed differences. Following the publication of 
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that document, recommendations from another European Society of Veterinary Cardiology 

taskforce were released in 2017 in regards to Doberman pinscher-specific DCM, particularly 

related to screening Doberman pinscher dogs for the disease. 16 Despite these guidelines, there 

continues to be lack of consensus when it comes to diagnosing a Doberman pinscher with DCM 

in particular cases, especially those that are mildly affected. The lack of consensus likely stems 

from the different ways in which the disease may present (for example dogs with VA alone, or 

systolic dysfunction alone), the different measurement modalities used for assessing ventricular 

morphology and function, and the lack of prospective validation for diagnostic criteria as 

outlined above. For these reasons, a variety of diagnostic criteria continue to be proposed in the 

literature, and used for inclusion in clinical trials. 34,37,38  

 

1.3.3 Prognostic Indicators  

Although some prognostic factors for dogs with DCM have been identified to date, it has 

not yet been determined how to accurately predict imminent clinical outcomes (CHF or SD) in 

dogs with preclinical disease. Early investigations identified that in 37 dogs of various breeds 

with clinical and preclinical idiopathic DCM, a worse prognosis was found for dogs in CHF (i.e. 

having pulmonary edema and/or pleural effusion), dogs with VA, dogs with a smaller LV free-

wall thickening fraction, and dogs who experienced weight loss. 51 In a large retrospective 

investigation of outcome in various breeds of dogs who experienced CHF due to DCM, Tidholm 

et al. highlighted that prognosis at the time of initial diagnosis is difficult to predict, but some 

predictive variables included the age at time of diagnosis (dogs diagnosed at less than 5 years of 

age had a worse prognosis), and the presence of dyspnea or ascites was associated with a worse 

outcome. 52 Contrary to some later investigations, and findings in human studies, Tidholm et al. 
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did not find heart size 17,37,38 or the presence of arrhythmias 36,37,53 to be associated with survival. 

52  

A study of 66 Doberman pinschers with stage C DCM found that bilateral CHF and 

presence of atrial fibrillation conferred a worse prognosis. 53 The same investigators found that 

the only Holter variable predictive of SD in 57 Doberman pinscher dogs with ODCM, 14 of 

which died suddenly, was the presence of sustained VT. 36 The investigators pointed out that risk 

factors for SD in people include both VA and LV dysfunction, yet some of the most profound 

LV dysfunction was found in those dogs who did not die suddenly. Thus, while all of the dogs in 

that study had some degree of LV dysfunction, it was clear that systolic function alone was not 

predictive of SD in that population. 36  

In a Doberman pinscher study evaluating echocardiographic indicators of diastolic 

function in DCM and healthy Doberman pinschers, only a shorter deceleration time of early 

transmitral flow (DTE) was found to be predictive of SD or the onset of CHF on univariate 

analysis. 54 This study unfortunately included only a small number of affected dogs (10 with 

ODCM, the group for which prognostic variables were evaluated), and while a shortened DTE is 

shown to be predictive of outcome in human patients with systolic dysfunction, 55,56 this 

predictive variable has not been corroborated by additional veterinary studies. Because markers 

of diastolic function are predictive of outcome in human studies, 56 it is reasonable to suspect 

they may be useful prognostic factors in canine DCM, and require further investigation.  

In the two aforementioned investigations of therapeutics for ODCM in Doberman 

pinschers, multivariate analysis controlling for effect of therapy suggested some additional 

prognostic variables in those populations. A retrospective evaluation of 91 Doberman pinscher 

dogs with ODCM revealed the presence of a heart murmur as well as various indices of cardiac 
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enlargement were significantly associated with time to CHF. 38 A later prospective multi-centre 

trial found that the number of VPCs and overall heart rate were associated with survival, as was 

LVIDs normalized to BW (LVIDsN). For every 0.1 unit increase in LVIDsN, the hazard of 

reaching primary endpoint (CHF or SD) increased by 2.024, and for patients with four or more 

VPCs on a 3-minute resting ECG and above average heart rate (> 110 beats per minute) the 

hazard ratio (HR) was 7.044. 37 

A recent study by Klüser et al. investigating predictors of SD in Doberman pinschers 

with occult or overt DCM found that the best predictor was a LV end-diastolic volume indexed 

to body surface area (LVEDVi) of greater than 91.3 mL/m2. 17 In the same study it was found 

that for every 50 mL/m2 increase in LVEDVi, the hazard of SD increased by 8.5 times. These 

results may prove difficult to use in predicting prognosis considering many Doberman pinschers 

with DCM at the time of diagnosis have an LVEDVi over 91 mL/m2, and in fact a LVEDVi of 

up to 92 mL/m2 has been identified in some reportedly healthy Doberman pinschers, with a 

published normal range of 56 to 92 mL/m2. 45 Ideally, we should strive to identify predictive 

variables that could be identified earlier in the stages of disease, before patients experience 

clinical signs. 

 

1.4 N-terminal pro-B-type Natriuretic Peptide 

1.4.1 Natriuretic Peptides 

In addition to being a highly efficient mechanical pump, the heart is also an important 

endocrine organ. 57 Natriuretic peptides (NPs) are endogenous hormones that act opposite to the 

sympathetic nervous system and renin-angiotensin-aldosterone system, two neurohormonal 

systems upregulated in the setting of advanced cardiac disease. 57,58 Natriuretic peptide release 
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results in natriuresis (and secondary diuresis) and vasodilation, ultimately reducing preload and 

afterload on the heart. 57,59  

While there are several NPs produced by various tissues, the two NPs that are produced 

by the myocardium are A-type (or atrial) and B-type (or brain, as it was initially identified in the 

porcine brain 60,61) natriuretic peptides (ANP and BNP, respectively). 57,61 Both ANP and BNP 

are produced in low levels by the atria in the normal, healthy state, with very little BNP pre-

formed. 61 Atrial NP is stored as a prohormone in secretory granules in the atria and is cleaved 

and released with myocardial stretch. 59 Secretion of BNP requires increased BNP gene 

expression and production, which is stimulated by myocardial stretch, ventricular dilatation, or 

increased ventricular pressures, all of which occur in situations of volume overload. 57,59,62 

Following gene activation, BNP is produced as a precursor hormone, pre-proBNP, which is 

cleaved upon release into circulation to the prohormone proBNP. The prohormone is then further 

cleaved into two portions, a carboxyl (C)-terminal and amino (N)-terminal. 57,63 The C-terminal 

is the active substance (BNP), which causes vasodilation, natriuresis, and diuresis by binding to 

natriuretic receptors in the vasculature, kidneys, lungs, and adrenal glands, suppressing renin and 

aldosterone secretion. 59,64–66 The N-terminal is the inactive portion (NT-proBNP) and is released 

in equimolar concentrations to the active substance. 59 Both BNP and NT-proBNP are 

measurable in plasma, 64,67 requiring species-specific assays. 63,68 The concentrations of BNP 

found in plasma is largely determined by its clearance which occurs by two active mechanisms. 

The first is enzymatic degradation by neutral endopeptidase (also known as neprilysin), which 

cleaves NPs into inactive fragments that are subsequently cleared mainly by the kidneys in 

addition to the liver and lungs. 63 The second clearance mechanism is endocytosis and lysosomal 

degradation by NP receptor C. 63 The inactive portion, NT-proBNP, is removed from circulation 
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passively by renal excretion, which results in it having a longer half-life compared to BNP, and 

explains why its plasma concentration is elevated in acute or chronic renal insufficiency. 68,69 

 

1.4.2 N-terminal pro-B-type Natriuretic Peptide as a Biomarker 

In order for a biomarker to be clinically useful, it should meet several criteria. 70 First, 

accurate and repeatable measurements should be affordable with results available promptly. 

Second the biomarker should provide information that is not otherwise available by clinical 

evaluation. And finally, clinical decision making should be enhanced by the measurement of the 

biomarker. 70 The NPs have been increasingly investigated in their ability to meet these criteria 

in both human and veterinary cardiac disease.  

Given that ANP and BNP are released from myocardial tissue in response to stress or 

stretch, there has been increasing interest in investigating these substances as biomarkers of 

cardiac disease. Of the two myocardial NPs, BNP appears to be the superior biomarker in human 

cardiology, given that it’s half-life in plasma is longer (in humans, BNP half-life is 20 minutes, 

compared to a 3-minute half-life of ANP), its pattern of release is more stable, and it is produced 

in larger quantities by the ventricular myocardium. 57 In dogs, the half-lives of BNP and ANP are 

reported to be approximately 90 seconds and 10 minutes, respectively, 71,72 and thus neither 

active substances are utilized to a great extent in veterinary medicine. In people, compared to the 

half-life of BNP, its inactive counterpart NT-proBNP has a significantly longer half-life of 120 

minutes due to reduced clearance. 57,61,73 The precise half-life of NT-proBNP in dogs is not 

known, however in some animal models the half-life is 6 to 15-fold longer than BNP. 71 

Therefore, while BNP and NT-proBNP are released in equimolar concentrations, plasma levels 

of NT-proBNP are higher than those of the active substance. 59 Further, in veterinary medicine, 
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NT-proBNP has been the most widely studied of the NPs. 71 For these reasons, the inactive N-

terminal may be superior for diagnostic and monitoring purposes, and is certainly the most 

commonly used NP in veterinary medicine to date.  

A significant limitation to the use of the NPs as cardiac-specific biomarkers is the 

tendency for plasma elevations to occur in some non-cardiac diseases. Both BNP and NT-

proBNP can become elevated in renal disease due to volume overload and reduced renal 

clearance. 73,74 In people, different NT-proBNP cut-offs have been established for individuals 

above the age of 75 years due to the expected decline in glomerular filtration rate in those 

patients. 57,58,73 These age-associated cut-offs have not been evaluated in veterinary species, but it 

may be reasonable to suspect older dogs may have a higher normal cut-off for NT-proBNP for 

the same reasons. One investigation did not find age to be associated with BNP, however the full 

range of ages in that study is not known (mean age of DCM dogs 6.7 years, mean age of healthy 

dogs 4.3 years) so it may be that the study was underpowered to detect a difference in senior 

dogs. 75 Additionally, because BNP is released in situations of myocardial stretch, conditions not 

primarily cardiac can induce these changes including pulmonary and systemic hypertension, and 

hyperthyroidism, among others. 58 False negative test results are also possible. Low or normal 

BNP levels might be seen in situations such as acute mitral regurgitation (for example, following 

acute chordae tendineae rupture) that results in acutely elevated filling pressures and flash 

pulmonary edema, before an increased production and release of BNP is possible. 57 Other 

modifiers of circulating BNP levels can include administration of diuretics, ACEIs, 

glucocorticoids, and thyroid hormones. 57 

The biologic variability (BV) in NT-proBNP needs to be considered when using this 

marker for diagnostic or prognostic purposes. In two recent studies evaluating the BV 
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(incorporating analytical variation, within-subject variation, and between-subject variation) in 

healthy dogs and those with various stages of MVD, the BV for all MVD dogs was 52.5-58.2%, 

indicating a change in NT-proBNP of greater than 58% was required to indicate a real change in 

disease status. Healthy dogs had a higher within-subject variability, leading to an even higher BV 

of 93-99.4%. 76,77 These findings correspond to those found in people, where the total variability 

in NT-proBNP is lower in patients with stable heart failure compared to healthy individuals. 77,78 

In another study of healthy dogs, 20% of the dogs evaluated had a difference in NT-proBNP 

measured weekly over 3 weeks of more than 200 pmol/L, suggesting a significant degree of 

individual variability in some dogs considering the range of NT-proBNP values in the majority 

of those patients ranged from 100 to 600 pmol/L. 79 The BV of NT-proBNP in dogs with DCM 

has not been evaluated, however it is expected to be substantial based on the aforementioned 

findings.  

When evaluating breed differences in NT-proBNP in healthy dogs, Sjostrand et al. found 

significant within and between-breed variability. 67 The Doberman pinscher breed in particular 

had the greatest interquartile difference (calculated as the 25th percentile value subtracted from 

the 75th percentile value) of more than 700 pmol/L, and 95th percentile values up to 2500 pmol/L. 

67 In that study, health was defined as a normal physical examination, blood pressure, ECG, and 

echocardiography, however specific echocardiographic cut-offs to define normal is not provided 

in the publication. Therefore, it is uncertain whether the wide range of reported NT-proBNP 

values in the Doberman pinschers (and other breeds) in this study truly reflects a wide range of 

normal values in this breed, or if some non-normal dogs might have been included in the study 

population. The significant amount of individual and breed variability in this biomarker 

highlights that population-based reference ranges may be problematic. As such, it may be more 
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useful to use a patient’s own NT-proBNP value as a baseline for comparison rather than a 

population-based reference. 76,77 This may be one reason why serial measurements have been 

shown to be particularly useful in some human 80–82 and veterinary 83 studies, compared to a 

single measurement.  

 

1.4.3 Clinical Utility of Natriuretic Peptides in Human Cardiology 

 In the field of human cardiology, and CHF in particular, BNP and NT-proBNP have been 

investigated in a variety of situations, including diagnosis, monitoring, and screening for cardiac 

disease, and as a marker of prognosis. 57 While it is commonly accepted that BNP should not be 

used as a stand-alone test, 57 several large-scale studies have identified that the use of BNP 

testing in dyspneic patients in the emergency department results in improved diagnosis of CHF, 

when used in combination with clinical judgement. 57,84,85 Its use reduced duration of 

hospitalization and therefore cost of treatment, 57 and in the large Breathing Not Properly study, 

circulating BNP was identified as the best factor for discriminating which dyspneic patients were 

experiencing CHF. 84  

 In out-patient, chronic heart failure patients, NPs have also been shown to aid in an 

accurate diagnosis and reduce cost of care. 86 Most helpful in both the acute and chronic setting 

is a normal BNP or NT-proBNP in excluding CHF as a cause of dyspnea, with elevated values 

requiring confirmation with additional cardiac diagnostic tests including echocardiography. 84,87 

As such, recent guidelines for the diagnosis and treatment of acute and chronic heart failure 

include the measurement of NPs in the essential initial investigations of a patient with clinical 

signs typical for CHF. 88 Low or normal NP values suggest no significant cardiac dysfunction, 
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with excellent negative predictive values (94-98%), thereby excluding the need for 

echocardiography in most of those patients. 88 

 Regarding prognosis of patients in heart failure, several investigations have identified the 

highest rates of mortality in patients with the highest BNP values at baseline. 57,89 Additionally, a 

relationship is identified between the percent-change in BNP values over time with mortality, as 

patients with a higher percent increase in BNP experienced the highest 4-month mortality rate. In 

contrast, patients with a large percent decrease in BNP experienced the lowest mortality rate. 57,89 

In patients hospitalized for heart failure, BNP at discharge and the percent and absolute reduction 

in BNP with treatment have been identified as better predictors of outcome compared to BNP at 

admission. There appears to be a more favourable outcome (i.e. a reduced risk of 

rehospitalization or death) in these patients if their BNP value decreases by more than 50% from 

admission to discharge. 57 Patients with elevated BNP levels at the time of discharge are at an 

increased risk of rehospitalization, and may warrant closer monitoring and follow up. 57 The 

failure of BNP to decrease throughout hospitalization is predictive of readmission and death, 

possibly justifying intensified therapy. 73  

 An elevated BNP has also been shown to be predictive of SD in patients with chronic 

heart failure. Berger et al. showed that using a cut off of 130 pg/mL, patients whose BNP was 

below this value had a significantly reduced risk of SD compared to patients with BNP values 

above this level. 90 This type of information becomes useful in helping to determine which 

patients may reap the most benefit from an implantable cardioverter-defibrillator, or have a 

higher need for cardiac transplant. Investigating prognosis in patients who have undergone 

cardiac resynchronization therapy, NT-proBNP was found to be associated with outcome. 91 

Upon 6-month follow-up, patients in whom the NT-proBNP value decreased from baseline by at 
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least 25% were significantly more likely to be free of the 3-year composite endpoint (death, 

hospitalization for heart failure, insertion of a left ventricular assist device, or heart 

transplantation). 91 

Most of the patients evaluated in the above heart failure studies were those suffering from 

coronary artery disease, an uncommon disease entity in canine patients, and few studies evaluate 

the use of BNP or NT-proBNP in non-ischemic DCM alone. Nevertheless, one relevant 

retrospective study by Kim et al. followed 68 pediatric patients in heart failure due to DCM. 92 In 

that population, the NT-proBNP value at 3 and 6 months after diagnosis, but not at the time of 

diagnosis was significantly associated with outcome. Patients whose NT-proBNP value was less 

than 681 pg/mL had a significantly reduced likelihood of adverse outcome (defined as fractional 

shortening <10%, requirement for heart transplant, or death of the patient) during six-month 

follow up. 92 In that small study, only NT-proBNP at 3 and 6 months and age at diagnosis were 

significantly associated with outcome, while no assessed echocardiographic parameter showed 

prognostic ability, despite many echocardiographic parameters being correlated with NT-

proBNP. In a study by den Boer et al., 115 children with clinical or preclinical DCM had NT-

proBNP measured serially, and at any time during follow up, a 2-fold increase in NT-proBNP 

was associated with a 1.8 to 2.9 times higher risk of cardiac death. 81 These interesting findings 

suggest serial evaluations may prove to be more useful than a single point in time when assessing 

risk in DCM patients.   

 

1.4.4 Current Uses of N-terminal pro-B-type Natriuretic Peptide in Canine Cardiology 

The NPs, including ANP, BNP and NT-proBNP, have been investigated in veterinary 

medicine as biomarkers of cardiac health as they have in the human medical field. A veterinary 
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commercial assay for NT-proBNP exists in many countries, thus the majority of studies have 

used this inactive substance as a marker of investigation. In canine medicine specifically, NT-

proBNP is shown to be elevated in dogs with DCM and in patients with hemodynamically 

relevant degenerative MVD, 64,93,94 among other conditions. Possibly the area in which its use 

has proved to be most useful thus far is in differentiating cardiac from non-cardiac causes of 

dyspnea in dogs and cats, 28,95–97 as it has in the human emergency room. 57,84 

The majority of canine investigations into the use of NT-proBNP as a prognostic tool 

have been confined to patients with MVD. 98,99 As is the case with DCM, MVD can have a 

variable time course and outcomes can be difficult to predict, making investigations into 

prognostic markers equally valuable in these common diseases. In canine patients, where cardiac 

transplantation is not performed and implantable cardioverter-defibrillators are not 

commonplace, these are not practical targets for improved risk stratification. Rather, the utility of 

being better able to predict prognosis lies in providing the veterinarian a greater ability to 

counsel owners and tailor follow up plans for each individual dog.  

An early investigation of BNP levels in 25 canine clinical and preclinical MVD patients 

found that every 10 pg/mL increase in BNP corresponded to a 44% increased risk of mortality 

over 4 months. 95 Later, in the larger PREDICT cohort study, Reynolds et al. found that a 

regression model (including left atrial dimension to aortic diameter ratio [LAAo] and NT-

proBNP) applied prospectively to 65 dogs with preclinical MVD correctly predicted the first 

onset of CHF in 69% of cases. 98 On multivariate analysis, an odds ratio for developing CHF was 

5.76 for patients with an NT-proBNP of greater than 1500 pmol/L, and 6.11 for patients with an 

LVIDd to aortic diameter ratio of greater than 3.0. When echocardiographic data was removed 

from analysis, NT-proBNP above 1500 pmol/L remained a significant risk factor (odds ratio 
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9.42). The median time frame between the measurements being obtained and first onset of CHF 

was approximately 3-6 months, suggesting the above values obtained in an MVD patient could 

signify risk of the onset of CHF within 3-6 months.  

Hezzell et al. investigated both NT-proBNP and cardiac troponin I (cTnI) as prognostic 

tools in clinical and preclinical MVD. 83 In that study, when echocardiographic variables were 

excluded from multivariable analysis, NT-proBNP and a high-sensitivity cTnI were both found 

to independently predict survival, 83 suggesting these biomarkers may be particularly useful 

prognostic tools in situations where echocardiography is unavailable. The same study found that 

the two biomarkers together were prognostically superior compared to either biomarker alone. 83 

In this investigation, NT-proBNP was measured serially every 6 months in the patient 

population. The NT-proBNP levels increased significantly, particularly in the final 6 months of 

life, in dogs who ultimately died of cardiac disease compared to relatively flat curves in dogs 

who died of non-cardiac causes. 83 Whether the rate of change could have further predicted 

outcome in dogs in that study was not evaluated.  These findings support those of several human 

studies where a multi-marker approach and serial measurements prove to be more useful than 

individual cardiac biomarker values at a single point in time. 80–82,100–102 

With regards to DCM in the Doberman pinscher, some investigators have evaluated the 

use of NT-proBNP as a diagnostic and prognostic marker. Gordon et al. found the first- and 

second-generations of NT-proBNP ELISA correctly identified 86.6% and 91.6% of Doberman 

pinscher dogs, respectively, as healthy or affected with DCM when a cut-off of 689 pmol/L was 

used. 103 The dogs in that study had to meet previously defined echocardiographic criteria of 

DCM, consisting of increased LV systolic dimensions; 37 Doberman pinschers with the 

arrhythmic form of DCM were not included. In another investigation, the optimal cut-off found 
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by Singletary et al. to diagnose preclinical DCM was 457 pmol/L. 34 The DCM group in the 

latter study was comprised of Doberman pinschers diagnosed with both echocardiographic and 

Holter criteria, and it was found that dogs with the arrhythmic form of the disease had lower NT-

proBNP values than those meeting echocardiographic criteria, explaining the lower optimal cut-

off compared to the former study by Gordon et al. 103 The sensitivity of the 457 pmol/L cut-off 

alone was less than 70%, as many of the arrhythmic dogs had lower NT-proBNP values, 

however when Holter analysis (presence of >50 VPCs in 24 hours) was added the sensitivity 

increased to 94.5%. Considering the release of NPs is mainly increased with myocardial stretch, 

it is understandable that dogs with cardiac dilatation would have higher circulating NPs than 

those whose hearts are of normal size but experience arrhythmias. The highest accuracy for 

correctly identifying healthy or DCM Doberman pinschers in that study came with a 

combination of Holter and NT-proBNP evaluation. 34 The same study found that a plasma NT-

proBNP above 900 pmol/L was associated with an increased risk of mortality in the Doberman 

pinscher. 34 The survival analysis of this study did not separate apparently healthy Doberman 

pinschers from those diagnosed with DCM, therefore an NT-proBNP above that value in any 

Doberman pinscher dog, even in the absence of an echocardiographic diagnosis of DCM, may be 

cause for concern.   

Wess et al. had similar findings to those above, where a large group of Doberman 

pinscher dogs were categorized as having a normal heart, preclinical DCM (identified by 

echocardiography, Holter, or both), clinical DCM, or initially normal but went on to develop 

DCM within 1.5 years. 64 The dogs had an NT-proBNP measured one or more times during the 

study period, and it was found that healthy dogs had significantly lower NT-proBNP values 

compared to any of the other groups, including the dogs who appeared healthy at the time of NT-
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proBNP measurement but who went on to develop DCM within 1.5 years. Additionally, dogs 

with CHF had significantly higher NT-proBNP values compared to the other groups. An NT-

proBNP value of less than 400 pmol/L had a sensitivity of 90% in differentiating healthy dogs 

from those with DCM, and a value of above 550 pmol/L had a high specificity of 90.4%. The 

authors concluded that an NT-proBNP value above 550 pmol/L is highly suggestive of DCM, 

whereas values <400 pmol/L are likely to represent a healthy patient. As others have suggested, 

the authors propose that NP testing be considered an ancillary diagnostic test, rather than a 

replacement for the current gold standard of echocardiography and Holter analysis. 64 In all of 

the aforementioned studies, some healthy dogs had elevated NT-proBNP values and some 

affected dogs had low values. So, while a perfect cut-off of NT-proBNP is not available to 

correctly identify every Doberman pinscher as healthy or affected with DCM, this biomarker is 

likely still a practical screening tool in situations where echocardiography is not readily 

available, and when combined with Holter analysis may have good accuracy in correctly 

classifying dogs. Furthermore, there is some evidence NT-proBNP levels can be meaningful in 

assessing prognosis in Doberman pinschers with DCM. Additional information in this regard is 

warranted.   

 

1.5 Myocardial Strain Imaging and Speckle Tracking Echocardiography 

Echocardiography has been a tool available to human physicians practicing cardiology 

since the 1950s. 104 Over the past decades, the technology has grown rapidly and extensively, 

such that advanced ultrasonographic techniques are now available to many practitioners and 

researchers alike in both the human and veterinary medical fields. One such emerging 

technology is myocardial strain imaging, which shows promise in advancing the evaluation of 
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myocardial function, thereby aiding in diagnosis and risk assessment of various myocardial 

disorders. 

 

1.5.1 Myocardial Strain Imaging 

Myocardial strain imaging, or deformation imaging, is a relatively novel 

echocardiographic technique to human and veterinary cardiologists. 105,106 The ventricular 

myocardium deforms in three dimensions during systole, and this deformation can be measured. 

By directly assessing myocardial fibre lengthening and shortening, strain imaging may overcome 

limitations of more traditional echocardiographic measurements of LV function, which are 

affected by changing hemodynamics and require assumptions regarding LV geometry. 106–109 

Ventricular myocardial fibres are oriented in helices; fibre bundles of the epicardial surface of 

the LV form a right-handed helix and are more oriented in a longitudinal direction, whereas fibre 

bundles of the endocardial surface form a left-handed helix and are oriented circumferentially. 110 

The shortening of sarcomeres in these various orientations is what accounts for the specialized 

twisting motion of the LV, reminiscent of the wringing of a towel. 107 As the heart contracts in 

systole, the myocardium shortens in the longitudinal and circumferential planes and at the same 

time thickens in the radial plane; the opposite occurs during diastolic relaxation. Strain can be 

measured on both a regional (segmental) and global (whole-heart) level, adding to its benefit 

over traditional indices of systolic function, such as ejection fraction (EF), particularly in 

instances of regional dysfunction. 107,111  

Myocardial tissue velocity, strain, and strain rate (SR) are mathematically linked, and can 

be obtained from one another.  Tissue velocity is the spatial integral of SR, and SR is the 

temporal derivative of strain. Strain is the percentage change in length of a defined region of 
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myocardium, calculated as the change in tissue length divided by the original length. 105,107 Strain 

rate is expressed per unit time (1/s), and represents a rate of change.  105,107 Initial myocardial 

strain and SR measurements utilized tissue Doppler imaging (TDI), which measures tissue 

velocity from which SR is calculated by the equation: 

Strain rate (1/s) = v1 – v2 

                                      L 105,107 

 

Where v1 = initial velocity, v2 = final velocity, and L = length. Strain is then calculated as the 

temporal integral of strain rate. When STE is used, strain is measured directly by the equation:  

Strain (%) = change in length 

                 original length 105,107 

 

Thus, during systole, myocardial strain curves are negative when myocardial shortening occurs 

(in the longitudinal and circumferential directions), and positive when myocardial fibre 

thickening occurs (in the radial direction) 105,112 (see Figure 1.1 and Figure 1.2).  

 

1.5.2 Strain by Speckle Tracking Echocardiography 

As noted above, strain measurements may be obtained by TDI or STE, with the earliest 

echocardiographic measurements of myocardial deformation obtained by TDI. 105,108 Strain and 

SR by TDI have been validated against sonomicrometry and cardiac MRI over a range of 

conditions, and has been useful in a clinical setting in human cardiology. 113 Tissue Doppler 

imaging allows for the measurement of tissue velocity relative to the ultrasound beam. 106 As 

such, TDI is dependent on alignment of myocardial wall motion with the ultrasound beam, 

therefore recorded velocities will be artificially low if tissue motion is not parallel to the beam. 

105 Other limitations with the TDI method of strain measurement include tethering artifacts (for 

example, a single myocardial segment may have poor movement but is “dragged” by an adjacent 
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segment thus an artificially normal or high segmental velocity is recorded), and that high frame 

rates (suggested is 120-180 frames per second) are required for accurate motion tracking. 105,106  

Speckle tracking echocardiography quantifies strain and SR by tracking grey-scale 

speckles on 2D echocardiographic images, and this technology is gaining interest in veterinary 

medicine. 105,107,114–117 These speckles are created by interference in sound waves as they travel 

between the ultrasound beam and tissue. When a target is large relative to the wavelength of the 

ultrasound beam, such as the pericardial, epicardial, or endocardial surfaces of the heart, a large 

portion of the transmitted energy is reflected, producing a specular echo, which appears as a 

bright (hyperechoic) structure. In contrast, when targets are small relative to the wavelength of 

the beam, such as individual fibres in the myocardium, there is significant scattering of the 

ultrasound beam producing a textured appearance, or speckles. 118 The speckles act as an 

ultrasound footprint, and can be tracked throughout the cardiac cycle. By identifying the change 

in location of the speckles from frame to frame, specialized software is able to calculate 

myocardial strain. 105,107,119   

Myocardial strain by STE has been validated with good correlation with sonomicrometry 

in anesthetized dogs, and MRI in human patients, with MRI being the current non-invasive gold 

standard to evaluate myocardial deformation. 120–122 One investigation even found that global 

longitudinal strain (GLS) by STE was well correlated to angiographic and echocardiographic EF 

independent of operator experience. 123 In contrast to TDI, STE is not reliant on the angle of the 

ultrasound beam and therefore underestimation of values should be less likely. Speckle tracking 

echocardiography also requires relatively lower frame rates (60 to 90 frames per second) 

compared to TDI. 119 Accurate endocardial border detection is an important requirement of STE, 

and while this process is automated in most STE software programs, manual confirmation and 
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adjustments may be required. 107 It is important to note that STE strain algorithms are proprietary 

and it has historically been shown in both humans and dogs that results are not entirely consistent 

among various echocardiographic vendors. 107,124,125 Equating results between different studies 

should take this into account, and results likely should only be compared to those using the same 

manufacturer’s strain software. However, a task force comprised of the European Association of 

Cardiovascular Imaging, the American Society of Echocardiography, and industry partners 

published a consensus document in 2015 with recommendations to standardize STE across 

vendors, 126 with some reported success in improving inter-vendor variability. 127–129 

 

1.5.3 Role of Strain Imaging in Human Dilated Cardiomyopathy 

Strain measurements can provide an assessment of both global and regional cardiac 

function by offering additional information beyond conventional echocardiographic parameters, 

which might be particularly useful in cardiac diseases like DCM, where an early stage of disease 

may be difficult to identify. 106 While regional assessment may be most useful in evaluating 

coronary artery disease patients, local ischemia can occur with cardiomyopathies such as DCM, 

leading to regional wall motion abnormalities, 130 making segmental assessment potentially 

useful in DCM patients as well. In people, evidence suggests that GLS measurements are more 

sensitive at detecting LV dysfunction than EF. 127  

 Dilated cardiomyopathy results in a heart that has increased LV mass and volume 

because of LV eccentric hypertrophy and reduced systolic function which results in reduced LV 

strain in all directions. 131,132 Therefore, measuring LV strain may be useful in a variety of 

situations in these patients, from diagnosis and monitoring, to risk assessment. Longitudinal 

strain appears to be the first orientation to become abnormal in patients with DCM compared to 
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controls 111,133, and this may explain why many studies investigate strain in the longitudinal 

direction alone. 131,132 However, one study of idiopathic DCM in a pediatric population found 

strain in the radial direction to be impaired, and considering the largest degree of myocardial 

deformation occurs in the radial direction, evaluation of this dimension appears to be as 

important as measuring GLS. 131 

Myocardial strain imaging has also been investigated and utilized as a tool to assess 

prognosis in patients with cardiac disease. In two recent large-scale studies in human patients 

with heart failure with reduced EF (HFrEF, also referred to as systolic heart failure), GLS has 

been identified as being a useful predictor of mortality. 134,135 In Sengeløv et al., among 1065 

patients with HFrEF, many conventional echocardiographic parameters were found to be 

predictors of mortality, including a lower LV EF and several transmitral flow (TMF) parameters, 

among others. 135 However, GLS remained an independent predictor of mortality when adjusting 

for the conventional echocardiographic parameters as well as population characteristics (such as 

age, sex, blood pressure, and comorbidities). Modin et al. performed a similar investigation in a 

subset of HFrEF patients with atrial fibrillation and similarly found GLS was a significant and 

independent predictor of mortality. 134 In Obaid et al., both longitudinal STE parameters and NT-

proBNP were independent predictors of cardiac events, including death and hospitalization, in 

patients with chronic heart failure. 136  

In these studies, however, the majority of patients had an underlying diagnosis of 

ischemic CM with a history of myocardial infarction. As the disease process of ischemic 

cardiomyopathy is different from that of DCM, it is unclear whether these results are able to be 

translated to a different disease process. In particular, patients with ischemic CM likely are at a 

higher risk of myocardial dyssynchrony due to regional infarction compared to DCM patients. A 
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normal heart should experience synchronous LV contraction (and therefore strain) among all 

segments, whereas dyssynchrony refers to the variation in the time to peak strain among different 

myocardial segments. 137 It may be that the evaluation of myocardial synchrony is superior in 

situations like coronary artery disease where regional wall motion abnormalities are common, 

whereas more global parameters such as EF may be less useful. However, longitudinal strain 

parameters and dyssynchrony measurements have been shown to be predictors of arrhythmic 

events in both ischemic CM and non-ischemic DCM patients. 138,139 As regional ischemia may 

also occur in DCM, 130 assessment of myocardial dyssynchrony may be just as useful as it is in 

coronary artery disease.  

 

1.5.4 Clinical Utility of Strain Imaging in Canine Patients  

In the veterinary field, strain imaging has only recently begun to be investigated, and thus 

is not wide-spread in the clinical realm. 112,140,141 The ability of longitudinal and radial strain and 

SR by STE to describe LV systolic function has been validated against invasive measurements of 

systolic function in a small number of anesthetized dogs. 112 Some information on the 

reproducibility of STE in dogs is available. Inter- and intra-observer within-day and between-day 

variability was found to be good (<10%) for GLS in healthy dogs and dogs with cardiac disease, 

with slightly higher coefficients of variation for longitudinal systolic SR. 115,124 Radial strain and 

SR in healthy dogs showed low within- and between-day variation (<10% for both), 116 however, 

only intra-observer variability was evaluated in the latter study. In both investigations of 

variability, the multiple STE analyses were performed on the same echocardiographic loops each 

time. Therefore, these studies suggest that if the same operator is performing strain 

measurements multiple times on the same image, the measurements will likely be reproducible. 
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However, variability has not been determined if the same patient is imaged multiple times for 

sequential strain analysis.  

Some investigators have ventured to identify normal reference ranges for myocardial 

strain in dogs, with wide normal ranges reported in a variety of breeds. A very wide range of 

normal peak systolic radial strain values from 22.3 – 71.1% were proposed by Chetboul et al. 

based on 37 healthy dogs of various breeds, 116 either indicating that the between-dog variability 

is high, particularly among various breeds, or the intra-observer variability is higher than 

suspected. Dickson et al. performed GLS on healthy English Springer spaniels, reporting a range 

of -8.9% to -20.1%. 114 In 46 healthy Irish Wolfhounds, the mean GLS value was -16.2% with a 

range of -10.2% to -22.2%. 142 Carnabuci et al. described longitudinal, radial, and circumferential 

strain in a group of healthy Labrador retrievers. 143 In that study, global radial strain was 27.5% 

(± 10%), endocardial GLS was -14.8% (± 1.6%), and epicardial GLS was -12.4% (±1.9%), all 

within the ranges reported in other breeds of dogs.  114,116,142,143 Furthermore, Pedro et al. reported 

radial and circumferential strain parameters in healthy Great Danes and those with DCM, with 

mean radial strain in the normal dogs being 47.2% (± 12%). That study found reduced radial and 

circumferential strain in dogs with DCM compared to healthy controls. 144 Normal reference 

ranges for strain by STE have not yet been reported for Doberman pinscher dogs, however 

similarly wide ranges were noted in Doberman pinschers when longitudinal strain by TDI was 

performed on the interventricular septum only. 145 Further validation of normal values using 

larger sample sizes and more breed-specific studies are required. In addition, despite reported 

improvements in vendor difference, a recent veterinary study reported significant differences in 

longitudinal strain between two vendors and vendor-independent software, 124 suggesting inter-

vendor differences should also be taken into account.  
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Strain by STE has been used to evaluate systolic function in dogs with asymptomatic 

mitral regurgitation (MR) due to degenerative MVD. 141 Increased radial strain measurements 

were identified in dogs with MR, consistent with the previously described hyperdynamic LV in 

these patients. 141 In dogs with DCM, strain by TDI was compared to healthy controls, albeit in a 

small number of affected dogs. 140 This study demonstrated a significant decrease in peak radial 

and systolic strain in DCM patients. 140 This study found that the magnitude of change in radial 

strain was related to disease severity, with greater decreases in peak radial strain compared to 

normal correlating with more severe disease as identified by standard echocardiographic 

parameters. 140 Interestingly, the same correlation between decreasing longitudinal strain and 

worsened disease severity was not found.  The use of TDI to calculate strain may have been a 

limiting factor, if longitudinal velocities were underestimated due to imperfect interrogation 

angles. Alternatively, the study may have been underpowered to detect a difference in 

longitudinal strain, including only 14 dogs with DCM and 12 healthy controls.  

Unlike in human DCM, dyssynchrony has not been identified in Doberman pinschers 

with DCM. However, myocardial synchrony has only been investigated in one study of 23 

Doberman pinscher dogs with reduced systolic function (including but not limited to DCM). 146 

In this study, myocardial synchrony was assessed by time to peak myocardial velocity (measured 

by TDI) and compared between the right and left ventricles and between the ventricular free wall 

and interventricular septum. 146 This technique is likely to be less sensitive than assessing 

synchrony via STE, which can compare six myocardial segments at a time and may be less prone 

to underestimation. Additionally, as with many veterinary studies, a larger number of patients 

may have been required to detect abnormalities.  It remains to be seen whether Doberman 
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pinschers with DCM do not in fact demonstrate dyssynchrony, or it simply cannot be identified 

by the techniques employed by this one study. 

To date, veterinary studies have not investigated the potential utility of LV strain imaging 

as a prognostic tool, nor have serial strain parameters been explored in veterinary patients.  

Speckle tracking echocardiography may reveal further correlations between strain measurements 

and disease severity in DCM patients. The magnitude of myocardial strain parameters and serial 

strain measurements may provide useful prognostic information. 

 

1.6 Conclusions 

This review highlights that there is growing interest in the use of cardiac biomarkers such 

as BNP and NT-proBNP in both the human heart failure literature and in a variety of canine 

heart diseases. Additionally, that myocardial strain imaging by STE has improved 

prognostication beyond traditional echocardiography in human heart failure patients provides 

compelling research questions to the veterinary world. Because of these findings in the human 

cardiology literature, it stands to reason that similar benefits may be seen with these technologies 

in veterinary cardiology, and specifically in Doberman pinscher DCM.  

Echocardiography is a routine diagnostic tool in cardiac patients in human and veterinary 

medicine, and it has been shown that human patients with heart failure who have undergone even 

a single echocardiographic examination experience longer survival, likely due to a more accurate 

diagnosis and improved medical treatment and interventions. 135,147 However, limitations to the 

echocardiographic examination exist, as outlined in this review, in particular when diagnosing 

early DCM or identifying different clinical manifestations such as the arrhythmic form of the 

disease. Furthermore, the utility of echocardiographic examinations in prognosis is not available 



 

38 

 

for veterinary patients; however, we may strive in veterinary medicine to utilize 

echocardiography in a similar manner to our human counterparts in order to optimize therapy 

and monitor canine patients’ progress. Similarly, while we do not yet know if or how the 

measurement of cardiac biomarkers, like NT-proBNP, or myocardial strain imaging helps to 

predict veterinary patients’ survival, guide therapy, or improve outcomes, it may be reasonable to 

infer that any technology shown to improve diagnostic and prognostic ability could serve to help 

optimize interventions and potentially improve survival. Additionally, while serial biomarker 

measurements have been shown in some studies to improve prognostic ability, it has yet to be 

determined if serial echocardiographic evaluations would similarly aid in prognosis, or whether 

any serial evaluations improve outcomes of Doberman pinscher dogs with DCM. These 

questions remain to be answered, and lay the foundation for the investigation following this 

literature review entitled “Serial N-terminal pro-B-type Natriuretic Peptide and Myocardial 

Strain Imaging in Preclinical Dilated Cardiomyopathy in the Doberman Pinscher”.  
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1.7 Figures for Chapter 1 

 

 

 

Figure 1.1 Speckle tracking image of left ventricular longitudinal strain using the apical four-

chamber view. The longitudinal strain curves are negative in systole. The six curves of different 

colours represent six myocardial segments as depicted in the upper left image. The dotted line 

represents global longitudinal strain. AVC = aortic valve closure. (Raheb, S., unpublished 

observations).  
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Figure 1.2 Speckle tracking image of left ventricular radial strain using the right parasternal 

short axis mid-ventricular view. The radial strain curves are positive in systole. The six curves of 

different colours represent six myocardial segments as depicted in the upper left image. Global 

radial strain is not shown, but is approximated by averaging peak strain of each segment. AVC = 

aortic valve closure. (Raheb, S., unpublished observations).  
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2 N-terminal pro-B-type Natriuretic Peptide and Myocardial 

Strain Imaging in Preclinical Dilated Cardiomyopathy in the 

Doberman Pinscher 
 

 

2.1 Statement of Objectives and Hypotheses 

Objectives: 

1. Evaluate serial NT-proBNP measurements in Doberman pinschers with ODCM. 

2. Investigate serial radial and longitudinal LV strain and SR by STE in Doberman 

pinschers with ODCM. 

3. Assess whether there is an association between NT-proBNP levels and STE parameters. 

4. Determine whether serial NT-proBNP levels and/or STE parameters are associated with, 

and therefore can be used to clinically predict, the onset of CHF or SD in Doberman 

pinschers with ODCM. 

Hypotheses: 

1. Plasma NT-proBNP levels increase over time with progression of disease in Doberman 

pinschers with ODCM.  

2. Systolic function is decreased, as measured by STE left ventricular longitudinal and 

radial strain and SR parameters, in Doberman pinschers with ODCM and decreases 

further as disease progresses.  

3. N-terminal pro-B-type natriuretic peptide values are correlated with LV longitudinal and 

radial strain and SR parameters as measured by STE.  
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4. Changes in NT-proBNP values and longitudinal and radial strain and SR parameters over 

time are associated with the onset of clinical disease (CHF or SD) and predict cardiac 

outcome in these patients.  

 

2.2 Materials and Methods  

This longitudinal, prospective study was performed at the Ontario Veterinary College, 

University of Guelph between January 2015 and September 2018. Patients were recruited from 

January 2015 to June 2017 and were followed until they reached the primary outcome or the end 

of the study (September 2018), whichever was first. The study was approved by the Animal Care 

Committee of the University of Guelph (Animal Utilization Protocol #2681).  

2.2.1 Animals 

The study aimed to include 20 client-owned Doberman pinscher dogs greater than two 

years of age, all of whom were examined as part of an ongoing Doberman pinscher DCM 

screening program at the Ontario Veterinary College. The dogs were enrolled with informed 

written consent from the owner at the first instance of being diagnosed with ODCM, or the first 

visit during or after January 2015 if ODCM had been diagnosed earlier.  

2.2.2 Inclusion Criteria 

Diagnosis of ODCM was made based on the absence of clinical signs of cardiac disease, 

and one or both of: echocardiographic criteria established by our group and used in clinical trials 

in the peer-reviewed literature, 34,37 and/or electrocardiographic criteria published in the peer-

reviewed literature. 46,48 Echocardiographic criteria included left ventricular dilatation and 

systolic dysfunction as defined by an LVIDs greater than pre-specified cut-offs for various BWs 

(Table 2.1). 34,37 Echocardiography was performed by a board-certified cardiologist (Lynne 
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O’Sullivan [L.O’S.]) in accordance with recommendations for canine echocardiography 148 using 

a Vivid 7 Dimension or Vivid E90 ultrasonographic system (General Electric [GE], Milwaukee, 

WI, USA). The ECG criterium for enrolment was greater than 100 VPCs per 24 hours on Holter 

recording. 19,46,48,53 Holter monitoring was performed using a Lifecard CF digital Holter recorder 

(Spacelabs Healthcare, Snoqualmie, WA), obtaining three-channel recordings. The recordings 

were manually edited by a veterinary technician trained in Holter recording (Heidi Chambers) 

using Pathfinder SL analysis system (version 1.8.0, Spacelabs Healthcare, Snoqualmie, WA) and 

verified by a board-certified veterinary cardiologist (L.O’S.). 

2.2.3 Exclusion Criteria 

Dogs were excluded if there was echocardiographic evidence of congenital or acquired 

cardiac disease other than DCM, or if there was evidence on history or physical examination of 

systemic disease to potentially account for VA. Dogs with previously diagnosed hypothyroidism 

were included, provided they were receiving thyroid supplementation and their disease was well 

controlled. Dogs were excluded from enrolment if they were experiencing a sustained arrhythmia 

at the time of examination (i.e. ventricular tachycardia or supraventricular tachycardia including 

atrial fibrillation), or frequent ectopy such that consecutive sinus beats were unavailable for 

echocardiographic analysis. If the patient was experiencing clinical and/or radiographic signs 

consistent with CHF and requiring diuretics, or had a history of collapse, they were similarly 

excluded.  

No effort was made to standardize medications, and dogs were medically treated 

according to routine practices and clinician judgement. Dogs were permitted to be receiving 

pimobendan, ACEIs, and/or anti-arrhythmic therapy at the time of enrolment, as per standard of 
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care practices for Doberman pinscher dogs with ODCM, 37,38,149 and as deemed indicated by the 

clinician.    

2.2.4 Study Design 

Serial examinations were planned every three to four months until the primary endpoint 

or end of the study (September 6, 2018). The primary endpoint of interest was a combined 

cardiac endpoint of SD or first episode of CHF. Sudden death was defined as witnessed or 

unwitnessed death following unexpected collapse or during sleep with no preceding clinical 

signs. A diagnosis of CHF required thoracic radiographic evidence of cardiogenic pulmonary 

edema with contemporaneous clinical signs including cough, increased respiratory rate (> 30 

breaths per minute), increased respiratory effort, exercise intolerance, and/or collapse.   

At each examination, BW was recorded and a history, cardiovascular physical 

examination, venipuncture for serum and EDTA whole blood, nine-lead ECG, and full 

echocardiographic examination were performed. Holter analysis was performed if clinically 

indicated. The dogs were non-sedated and manually restrained for all diagnostic tests.  

2.2.5 Data Acquisition 

2.2.5.1 N-Terminal Pro-B-type Natriuretic Peptide and Renal Biochemistry 

At each visit, a 6 mL venous blood sample from each dog was collected via the right or 

left jugular vein into a 3 mL serum tube for renal biochemistry profile and a 3 mL EDTA tube 

for NT-proBNP measurement. Following each venipuncture, gentle pressure was applied to the 

site to achieve hemostasis. The serum tubes for renal biochemistry profiles were centrifuged 

routinely within 30 minutes after obtaining the blood sample, and analyzed the same day (Cobas 

6000 c501; Roche, Basel, Switzerland). Parameters included in the renal biochemistry profile 

were: total calcium, phosphorus, sodium, potassium, sodium:potassium ratio, chloride, total 
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protein, albumin, globulin, albumin:globulin ratio, urea, creatinine, glucose, bicarbonate, and 

calculated osmolarity. The EDTA tubes were centrifuged and plasma separated within 30 

minutes after obtaining the blood sample. The plasma was stored and shipped frozen until 

analysis was performed the following day by a commercial laboratory using a canine-specific 

sandwich ELISA (IDEXX Laboratories Inc., Markham, ON, Canada). The reportable range of 

the assay is 250 – 10,000 pmol/L 72, therefore any NT-proBNP value less than 250 pmol/L was 

reported as 250 pmol/L, and any result greater than 10,000 pmol/L would be reported as 10,000 

pmol/L.  

2.2.5.2 Conventional Echocardiography 

At each visit, dogs were gently restrained without sedation in right and left lateral 

recumbency. 148 The fur of the precordial region was clipped on both sides of the thorax, and 

ultrasound gel applied. The patients were imaged from the dependent side using a purpose-built 

table for canine echocardiography. Two-dimensional, M-mode, and Doppler echocardiographic 

examinations were performed with transducer frequencies appropriate for patient size (M3S or 

5S probe on the Vivid 7, or M5Sc on the Vivid E90, providing scanning frequencies from 1.5 to 

5.0 MHz). A single-lead ECG was simultaneously recorded in all dogs. All measurements were 

obtained from separate image acquisitions, with the mean of three measurements used for 

analysis. Each of the three cycles used for analysis was a sinus beat that was preceded by a sinus 

beat. All images were stored digitally in the GE proprietary raw format for offline analysis. 

Left ventricular M-mode examinations were performed from the right parasternal long 

axis view (PLAx) view (optimized for LV inflow and outflow tracts), 16 and M-mode 

measurements were made at the time of examination by a single operator (L.O’S.). The relevant 

measurements obtained from M-mode included LVIDd and LVIDs. Dimensions were 
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normalized to BW by the formulas: LVIDdN = (LVIDd/10)/(BW^0.294) and LVIDsN = 

(LVIDs/10)/(BW^0.315). 150 Fractional shortening percentage (FS%) was calculated as 

[(LVIDd-LVIDs)/LVIDd] x 100%. 151 All remaining (non-M-mode) measurements were 

performed offline by the DVSc student (Shari Anne Christine Raheb [S.A.C.R.]) using GE 

EchoPAC clinical workstation software (PC version 201, GE, Milwaukee, WI, USA). All 

echocardiographic measurements were obtained with the operators blinded to bloodwork results 

(NT-proBNP and renal biochemistry).  

Left atrial size was documented on a 2D right parasternal short axis (PSAx) view at the 

level of the heart base by obtaining the ratio of LAAo at end-systole. 152 Doppler 

echocardiographic measurements were obtained from an apical four-chamber (A4C) or apical 

five-chamber (A5C) view. Transmitral flow parameters were obtained from the A4C view by 

pulsed wave Doppler, with the sample volume (5.0 mm) placed between the tips of opened 

mitral valve leaflets. Peak early diastolic TMF velocity (E), peak atrial diastolic TMF velocity 

(A), and DTE (time from peak E to end of E wave) were recorded. Isovolumic relaxation time 

(IVRT) was obtained from the A5C view and measured as the time from aortic valve closure 

(AVC) artifact to mitral valve opening artifact (or from the ending of the aortic flow to the onset 

of mitral inflow if valve opening artifacts were not obtained) with the pulsed wave Doppler 

sample volume (5.0 mm) placed within the LV between the LV inflow and outflow tracts. 153 

Left ventricular wall motion was measured using pulsed wave TDI from the A4C view, 

with the sector width narrowed, the sample volume (6.0 mm) placed at the medial (septal) and 

lateral mitral valve annulus, and the cursor parallel to the LV walls guided by colour tissue 

Doppler. Peak myocardial velocity was measured in systole (S’), as well as early (E’) and late 

(A’) diastole, for both the septal (medial) and lateral annulus. 
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Left ventricular volumes were obtained from either an A4C or right PLAx four-chamber 

view, whichever allowed visualization of the entire LV chamber throughout the cardiac cycle 

without perceived foreshortening. Left ventricular volumes were measured using the single plane 

Simpson’s method of discs, shown to not be significantly different between the A4C and right 

PLAx views in Doberman pinscher dogs. 45 Where volumes were able to be obtained from both 

the A4C and right PLAx views, the view resulting in the larger volumes was used, as this view 

likely optimized the LV length and volume. 11,45 For volume measurements, end-diastole was set 

at closure of the mitral valve; end-systole was set as the maximum excursion of the LV walls 

(smallest LV volume), identified by frame-by-frame analysis. Left ventricular end-diastolic 

volume (LVEDV) and LV end-systolic volume (LVESV) were obtained and indexed to body 

surface area. Ejection fraction % (EF) was calculated as [(LVEDV – LVESV)/LVEDV] x 100%. 

151 

2.2.5.3 Speckle Tracking Echocardiography 

Myocardial strain and SR were measured using 2D STE on the GE EchoPAC system (Q-

analysis for EchoPAC, PC version 201, GE, Milwaukee, WI, USA). For all discussions of STE, 

names, abbreviations, and units are used as recommended by a published consensus document. 

126 For all STE analysis, a cardiac cycle was defined as beginning at the onset of a QRS complex, 

a surrogate for end-diastole. 126 In light of higher frame rates providing optimal results for time-

dependent parameters, such as SR, 126,154 the highest frame rates possible were used by 

narrowing sector width and optimizing scanning depth, achieving frame rates of 45 to 104 

(median 63) frames per second for longitudinal STE and 48 to 110 (median 63) frames per 

second for radial STE.  
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Aortic valve closure time was defined on pulsed-wave aortic outflow spectral Doppler 

obtained from the left sided A5C view with the sample volume (5.0 mm) placed in the LV 

outflow tract using cycles of similar heart rate to the cycles used for strain measurements. The 

time (in milliseconds) from the onset of the QRS complex to the aortic valve closure artifact was 

measured and recorded as AVC time.  

For longitudinal strain and SR, A4C views were used. The LV endocardium was traced 

from the medial to lateral mitral annulus at end-diastole. The computer algorithm automatically 

generated a second tracing of the epicardium, and the region of interest (ROI) was manually 

adjusted, if needed, to cover the LV myocardium and exclude pericardium and papillary muscles.  

For radial strain and SR, a right PSAx view at the level of the papillary muscles was 

used. The LV endocardium was traced at end-diastole, starting and ending at the anterior septum. 

As with longitudinal STE, the software generated a second outer tracing of the epicardium, and 

the ROI thickness was manually adjusted as above. 

The ROI was automatically separated into six segments by the software program (Figure 

2.1 and Figure 2.2). The segments for longitudinal strain were: base of septum, mid-septum, 

apical septum, apical lateral wall, mid-lateral wall, and base of lateral wall. The segments for 

radial strain were: anterior septum, anterior, lateral, posterior, inferior, and septal.  

The Q-analysis software program automatically analyzed the integrity of the tracking, 

which was visually confirmed by the operator (S.A.C.R.). If inadequate tracking was noted by 

the software and/or the operator, the ROI was manually adjusted further to optimize tracking of 

the myocardium. If adequate tracking was unable to be obtained, the region of poor tracking was 

excluded from analysis. A minimum of four appropriately tracked segments was required for 

inclusion of that cardiac cycle in analysis; if fewer than four segments were able to be tracked 
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properly the cycle was excluded. If more than three attempts to adjust poor tracking failed to 

achieve a minimum of four properly tracking segments, the cycle was not used for analysis.  

Peak GLS and longitudinal systolic strain rate (SSR) were automatically calculated and 

provided by the software. Peak global radial strain (GRS) was calculated for each cycle by 

averaging the values of peak radial strain of the six segments. The same was performed to 

approximate global radial SSR by averaging the values of peak SSR of the six segments. 141 Only 

peak global strain and SSR parameters were used for analysis.  

2.2.6 Statistical Analysis 

Descriptive statistics were calculated for variables at enrolment and additional visits. The 

data were examined graphically and tested for normality using the Shapiro-Wilk test, with the 

null hypothesis (that parameters were normally distributed) rejected at p < 0.05. Normally 

distributed continuous data were expressed as mean and standard deviation. Non-normally 

distributed data were expressed as median and range (minimum - maximum). The time between 

visits was expressed as median and range. The change in individual parameters over time was 

assessed graphically. Wilcoxon matched pairs test was used to compare variables in dogs 

between two different time points. Mann-Whitney test was used to compare variables between 

censored and non-censored dogs. 

 Correlations between variables at enrolment (conventional echocardiographic 

parameters, NT-proBNP, and STE parameters) were assessed using Pearson’s correlation 

coefficients for normally distributed variables, and Spearman correlation tests when not normally 

distributed. For the purposes of this study, a correlation coefficient (r or rs value) of ≤ 0.4 was 

considered a weak correlation, from 0.41 – 0.69 a moderate correlation, and ≥ 0.7 a strong 

correlation.  
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Because the dogs were enrolled at different time points, the time of cardiac outcome 

(CHF or SD), non-cardiac death (NCD), or end of the study was designated as the study 

reference point, V0. Other time points were subsequently defined as follows: V-1 was the visit 

immediately prior to V0, V-2 was the visit prior to V-1, and so on. All parameters from the final 

visit (V-1) and second-to-last visit (V-2), as well as the change (Δ) in each parameter between 

those two visits (Δ calculated as value at V-2 – V-1 for 18 dogs who had two or more visits), were 

examined with respect to time to endpoint, including echocardiographic and STE parameters, 

NT-proBNP, age, and BW. Cox proportional hazards models were created using best subset 

variable selection to identify predictive variables. Due to the small sample size, and therefore 

limited degrees of freedom, only models containing one, two, or three variables were considered. 

The strength of each model was assessed by chi-square score, and the top three models were 

evaluated for significance. Univariate and multivariate HRs with 95% confidence intervals were 

calculated for each model. Hazard ratios are presented per 1-unit change in the variable of 

interest unless otherwise specified. The HRs for NT-proBNP are presented per 200 pmol/L 

change, and the HRs for LAAo are presented per 0.1-unit change. Hazard ratio confidence 

intervals that did not include 1.0 were considered significant. Dogs that had not reached the 

primary endpoint by the end of the study, who had experienced NCD, or who were lost to follow 

up were right-censored. Statistical significance of all tests was defined as p < 0.05. 

Statistical analyses were performed using statistical analysis software (Statistical 

Analysis System [SAS] and JMP, SAS Institute Inc., Cary, NC; GraphPad Prism 8, GraphPad 

Software Inc., San Diego, CA). 
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2.3 Results 

2.3.1 Dog Characteristics  

Twenty-two Doberman pinschers were recruited for the study. Two dogs were excluded 

after enrolment for the presence of sustained supraventricular tachycardia and atrial fibrillation, 

respectively. Of the remaining 20 dogs enrolled and used for analysis, there were 12 females 

(eight spayed) and eight males (three castrated) ranging in age from 3.7 to 11.6 years (mean 7.3 

years ± 2.2 years). The dogs weighed 36.4 kg (± 6.20 kg). Seven dogs (35%) had a systolic heart 

murmur, with the point of maximal intensity at the left apex in five dogs (grade 2/6 in three dogs 

and grade 3/6 in two dogs) and at the right apex in two dogs (grade 2/6 in both). The mean heart 

rate was 102 (± 20.7) beats per minute (bpm). Thirteen dogs (65%) were enrolled based on 

echocardiographic criteria consistent with DCM, five dogs (25%) were enrolled based on Holter 

criteria and two dogs (10%) met both echocardiographic and Holter criteria for enrolment. 

Patient characteristics at baseline are summarized in Table 2.2. Six dogs had comorbidities that 

did not fulfil exclusion criteria (Appendix 2.1)  

At the time of enrolment 12 dogs were receiving medications and/or supplements, and of 

these, nine dogs were receiving cardiac medications: seven dogs pimobendan (0.26 – 0.6 

mg/kg/day [Vetmedin®, Boehringer Ingelheim, Burlington, Ontario]), six dogs an ACEI 

(benazepril hydrochloride 0.65 – 1.0 mg/kg/day [Fortekor®, Elanco Canada, Guelph, Ontario or 

generic] or enalapril maleate 0.5 – 1.0 mg/kg/day [Enacard®, Boehringer Ingelheim, Burlington, 

Ontario or generic]), and four dogs sotalol (1.26 – 2.49 mg/kg/day [Apotex Inc., Toronto, 

Ontario]). One dog had hypothyroidism that was well controlled medically. Medications being 

administered at the time of enrolment are listed in Appendix 2.1.  
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There was a total of 79 visits for all dogs combined. The median number of visits for 

each dog was three (range one to eight). Two dogs underwent only one visit (V-1) as they 

experienced the primary endpoint prior to their second visit (one CHF, one SD). Of the 

remaining 18 dogs, there was a range of two to eight visits per dog (median three visits). Seven 

dogs underwent two visits, three dogs had three visits, two dogs had five visits, one dog had six 

visits, two dogs had seven visits, and three dogs had eight visits. No dogs were lost to follow up. 

The study reference point, V0, was the time of cardiac outcome (SD or CHF) or end of the study 

for dogs not reaching cardiac outcome. At V0, 16 of the 20 dogs (80%) experienced cardiac 

outcome, with six dogs (30%) experiencing CHF and 10 dogs (50%) dying suddenly. Three dogs 

(15%) were alive and had not experienced CHF (still had ODCM). One dog (5%) was euthanized 

for non-cardiac reasons (progressive neurologic disease) before reaching cardiac endpoint.  

Among all 20 dogs, the range of time between subsequent visits was 70 – 273 days 

(median 113 days), with the median time between V-1 and V0 being 112 days (34 – 185 days) 

(Table 2.3).  The mean time from enrolment to V0 was 470.8 days (± 302.4 days). In the 18 dogs 

who underwent more than one visit, the mean time from enrolment to V0 was 508.4 days (± 

295.1 days). The mean time from enrolment to V0 was 404.3 days (± 230.0 days) in the 10 dogs 

who experienced SD, and 402.2 days (± 256.8 days) in the six dogs who experienced CHF. Of 

the dogs who met the primary endpoint of CHF, two subsequently experienced SD, three were 

euthanized for progressive CHF, and one was euthanized for non-cardiac reasons (gastric 

dilatation-volvulus).  
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2.3.2 N-terminal pro-B-Type Natriuretic Peptide, Renal Values, and Echocardiographic 

Parameters  

From the 20 dogs enrolled, results from 78 NT-proBNP values, 73 renal biochemistry 

panels, and 79 echocardiographic studies were available. All bloodwork variables and 

echocardiographic variables are summarized in Table 2.2 for the time of enrolment, and over all 

time points in Table 2.3.   

At enrolment, median NT-proBNP was 875 pmol/L (250 – 3560 pmol/L).  Mean urea at 

enrolment was 5.16 mmol/L (± 1.31 mmol/L; reference 3.5 – 9.0 mmol/L), and mean creatinine 

was 78.2 μmol/L (± 17. 8 μmol/L; reference 20 – 150 μmol/L). Over all time points, creatinine 

was within normal limits (median 73 mol/L, range 47 – 130 mol/L; reference 20 – 150 

mol/L), and urea median was 5.7 mmol/L (range 3.0 – 11.8 mmol/L; reference 3.5 – 9.0 

mmol/L). Two dogs had mildly elevated urea at three time points (10.0 mmol/L in dog #6 at V-1, 

and 11.3 and 11.8 mmol/L in dog #10 at time points V-6 and V-7 respectively).  

Left ventricular strain parameters at enrolment were as follows: GLS -13.6 % (± 3.20 %), 

longitudinal SSR -1.25/s (-0.98 – -2.45 /s), GRS 22.7 % (± 10.7 %), and radial SSR 1.87/s (1.13 

– 3.26 /s). Relevant 2D echocardiographic variables at enrolment were as follows: LVIDd 47.3 

mm (± 6.58 mm), LVIDs 39.9 mm (± 6.69 mm), FS 15.9 % (± 3.96 %), LVEDVi 90.8 mL/m2 

(69.1 – 169.8 mL/m2), LVESVi 56.3 mL/m2 (37.8 – 116.9 mL/m2), EF 36.8 % (± 6.73 %), and 

LAAo 1.3 (± 0.19).   

2.3.3 N-terminal pro-B-type Natriuretic Peptide and Echocardiographic Changes over 

Time 

The changes in NT-proBNP and STE parameters were examined visually and presented 

in Figure 2.3 and Figure 2.5 to Figure 2.8. Over all time points in all dogs there was a total of 78 
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NT-proBNP values that ranged from the lower limit of detection (250 pmol/L) to 5337 pmol/L 

(median 993 pmol/L) (Figure 2.3). There were six time points in four different dogs where the 

NT-proBNP was at the lower limit of detection (250 pmol/L); no dogs had an NT-proBNP at the 

upper limit of detection (10,000 pmol/L) The median NT-proBNP increased from enrolment 

(875 pmol/L [250 – 3560 pmol/L]) to V-1 (1120 pmol/L [250 – 5337 pmol/L], p = 0.004). 

Between the final two visits, NT-proBNP increased from a median of 917 pmol/L at V-2 (range 

288 – 3912 pmol/L) to a median of 1120 pmol/L at V-1 (range 250 – 5337 pmol/L), although this 

change was not statistically significant (p = 0.22). In three dogs, however, a particularly large 

increase in NT-proBNP (greater than 50%) was seen between V-2 and V-1 (dog #6 [SD] NT-

proBNP increased from 288 pmol/L to 1042 pmol/L [754 pmol/L or 262% increase], dog #8 

[CHF] from 537 pmol/L to 1172 pmol/L [635 pmol/L or 118% increase], and dog #18 [CHF] 

from 902 pmol/L to 4024 pmol/L [3122 pmol/L or 346% increase]). Dogs #2 (CHF) and #13 

(SD) experienced a large increase between V-3 and V-2 (from 1558 pmol/L to 2566 pmol/L [1008 

pmol/L or 65% increase] and from 1781 pmol/L to 3912 pmol/L [2131 pmol/L or 120% 

increase], respectively) and dog #2 also experienced a large increase between V-6 and V-5 (from 

2004 pmol/L to 3589 pmol/L [1585 pmol/L or 79% increase]). The four dogs that were right-

censored (dogs #9, 10, 16 [remained ODCM by the end of the study], and dog #14 [NCD]) had 

NT-proBNP values that were significantly lower over all time points than the 16 dogs that 

reached cardiac endpoint (median 563 pmol/L vs. 1264 pmol/L, respectively, p <0.001 [Figure 

2.4]). Of the 78 NT-proBNP values, there were 23 time points (in seven dogs) at which the NT-

proBNP value was below 735 pmol/L (median 424.5 pmol/L; range 250 – 709 pmol/L), a value 
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above which (in a Doberman pinscher) the veterinary reference laboratory proposes as indicating 

increased risk for DCM a (Figure 2.3, Appendix 2.2). 

There were values from 78 longitudinal strain analyses (one examination was excluded 

due to poor tracking) and 79 radial strain analyses. The majority of strain analyses achieved 

adequate tracking in 6/6 myocardial segments, with 6/78 longitudinal analyses and 5/79 radial 

analyses included with only four or five adequately tracked segments. There was no clear pattern 

to the serial trends of the strain parameters over time (Figure 2.5 to Figure 2.8), and none showed 

significant differences between enrolment and V-1 (p = 0.145, p = 0.117, p = 0.580, and p = 

0.632 for GLS, longitudinal SSR, GRS, and radial SSR, respectively). Global longitudinal strain 

and longitudinal SSR, had wide ranges over all time points of -7.9% to -20.7% (mean -13.8% [± 

2.9]) and -0.95/s to -2.52/s (median -1.31/s), respectively (Figure 2.5 and Figure 2.6), and there 

was no significant difference between the longitudinal strain parameters over all time points in 

censored vs. non-censored dogs (GLS median -14.1% vs. -13.0%, p = 0.280 and longitudinal 

SSR median -1.40/s vs. -1.29/s, p = 0.599; Figure 2.9 a and b). Examining GRS over time, the 

range of values over all time points was similarly wide, from 4.4% to 49.2% (mean 23.9% [± 

9.1]). Five dogs were seen to have noteworthy reductions in GRS in the last one to four visits 

before primary endpoint (dog #1 [SD] from 44.6% at V-2 to 25.5% at V-1, dog #2 [CHF] from 

36.5% at V-4 decreasing gradually to 18.0% at V-1, dog #7 [SD] from 20.2% at V-3 to 6.3% at V-2 

and remained low at 6.7% at V-1, dog #8 [CHF] from 34.3% at V-3 to 21.7% at V-2, and dog #18 

[CHF] from 34.7% at V-2 to 20.6% at V-1) whereas the remaining dogs (four that were right-

censored and 11 that experienced cardiac endpoint) had stable or increasing GRS (Figure 2.7). 

 

a Idexx Laboratories. Interpretive Criteria for the canine Cardiopet® proBNP Test. IDEXX Laboratories Inc., 

Markham, ON, Canada. 2013. 
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Global radial strain over all time points was not significantly different between censored and 

non-censored dogs (median 24.9% vs. 20.9%, p = 0.222; Figure 2.9 c). Radial SSR values 

ranged from 0.31/s to 3.61/s (mean 2.12 ± 0.73), with the lowest values in dogs #7 and #11, 

where radial SSR was 0.95/s at V-2 and 0.31/s at V-1 in dog #7, and 0.54/s at V-1 in dog #11. 

These two dogs experienced marked reductions in radial SSR in the final visits before cardiac 

outcome (dog #7 [SD] from 1.77/s at V-3 to 0.95/s at V-2 to 0.31/s at V-1, and dog #11 [SD] from 

1.29/s at V-2 to 0.54/s at V-1), as did dog #1 ([SD] from 3.26/s at V-2 to 2.55 at V-1), dog #16 

([still ODCM] 3.08/s at V-2 to 2.22/s at V-1), and dog #18 ([CHF] 3.08/s at V-2 to 1.42/s at V-1).  

Three dogs had marked increases in radial SSR in the final two visits, two of which remained 

occult by the end of the study (dog #9 [from 1.95/s at V-2 to 3.61/s at V-1] and dog #10 [from 

2.11/s at V-2 to 3.31/s at V-1]), and one that experienced SD (dog #5 [from 1.92/s at V-1 to 3.37/s 

at V-1]). Radial SSR was the only STE parameter that showed a significant difference in values 

over all time points between censored dogs and those that experienced cardiac outcome (median 

2.66/s vs 1.90/s, respectively, p = 0.001, Figure 2.9 d). 

For routine echocardiographic measurements, an increase in LV size and reduction in 

systolic function was found over time. An upward trend was seen in LV diastolic and systolic 

linear dimensions and volumes, with significant differences found between enrolment and V-1 in 

the volumetric measurements (LVEDV p = 0.030, LVEDVi p = 0.039, LVESV p = 0.003, 

LVESVi p = 0.007). A downward trend was seen in both FS and EF over time, and EF showed a 

significant difference between enrolment and V-1 (p <0.001). Left atrial size, as measured by 

LAAo, showed a slight trend upward over time, but was not significantly different between 

enrolment and V-1 (p = 0.288). Deceleration time of transmitral E wave showed an increase from 

V-7 to V-6, however it was not a statistically significant difference (p = 0.063). Subsequently, a 
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trend downward in DTE was seen from V-6 to V-1, however this difference was similarly not 

significant (p = 0.063).  Isovolumic relaxation time also showed a downward trend from V-6 to 

V-1 (p = 0.094). No other spectral Doppler or tissue Doppler variable showed clear patterns or 

trends over time, nor were any of these parameters significantly different between enrolment and 

V-1. Routine echocardiographic parameters that demonstrated significant differences from 

enrolment to V-1 are graphed over time and presented in Figure 2.10 to Figure 2.14, all other 

parameters are graphed over time and presented in Appendix 2.3. 

2.3.4 Correlations of Patient Characteristics, N-terminal pro-B-type Natriuretic Peptide 

and Echocardiographic Measurements at Enrolment  

Age was negatively correlated with LVEDV (rs = -0.549, p = 0.012), LVEDVi (rs = -

0.559, p = 0.010), and LVESVi (rs = -0.562, p = 0.010). Body weight was positively correlated 

with LVIDd (r = 0.511, p = 0.021), TMF E (rs = 0.475, p = 0.034), TMF A (rs = 0.546, p = 

0.013), LAAo (r = 0.466, p = 0.04), LVEDV (r = 0.663, p = 0.001), E’ septal (r = 0.618, p = 

0.004), A’ septal (r = 0.630, p = 0.003), and E’ lateral (r = 0.527, p = 0.017). Heart rate was 

positively correlated with TMF E (rs = 0.464, p = 0.039), TMF A (rs = 0.544, p = 0.007), and E’ 

septal (r = 0.464, p = 0.039), and negatively correlated with creatinine (r = 0.554, p = 0.04).  

All linear LV measurements were moderately positively correlated with NT-proBNP, 

with slightly stronger correlations when LV measurements were normalized to body weight 

(LVIDd [rs = 0.493, p = 0.032], LVIDdN [rs = 0.546, p = 0.016], LVIDs [rs = 0.525, p = 0.021], 

and LVIDsN [rs = 0.606, p = 0.006]). However, NT-proBNP was not significantly correlated 

with LV volume measurements. N-terminal pro-B-type natriuretic peptide was moderately 

negatively correlated with FS (rs = -0.498, p = 0.030), S’ septal (rs = -0.544, p = 0.016), and S’ 
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lateral (rs = -0.461, p = 0.047). N-terminal pro-B-type natriuretic peptide was not significantly 

correlated with any STE parameter or any other measured variable.  

Global longitudinal strain showed moderate to strong negative correlations with EF (r = -

0.547, p = 0.013), S’ lateral (r = -0.475, p = 0.034), A’ lateral (r = -0.792, p <0.001), GRS (r = -

0.494, p = 0.027), and radial SSR (rs = -0.676, p = 0.001), and a moderate positive correlation 

with longitudinal SSR (rs = 0.630, p = 0.003). Global radial strain showed a strong positive 

correlation with radial SRR (rs = 0.797, p <0.001), a negative correlation with GLS (as noted 

above), and moderate negative correlation with LVEDVi (rs = -0.456, p = 0.043), LAAo (r = -

0.482, p = 0.031), and LVESV (r = -0.453, p = 0.045). In addition to its association with GLS, 

longitudinal SSR was moderately negatively correlated with FS (rs = -0.532, p = 0.016), EF (rs = 

-0.646, p = 0.002), and moderately positively correlated with LVESVi (rs = 0.463, p = 0.040). 

Radial SSR was moderately positively correlated with FS (rs = 0.509, p = 0.022) along with its 

associations with GLS and GRS. 

Linear and volumetric parameters of LV size in diastole and systole were all moderately 

to strongly positively correlated with each other (r or rs > 0.60, p <0.001) and all correlations 

between LV linear and volumetric parameters remained significant when normalized or indexed 

to body size. Left atrial to aortic root ratio was strongly positively correlated with linear and 

volumetric LV measurements in diastole and systole (r or rs > 0.70, p <0.001). Ejection fraction 

and FS were strongly positively correlated (r = 0.751, p <0.001). When LV linear dimensions 

were normalized to body weight and LV volumes were indexed to body surface area, strong 

negative correlations were found between LVIDsN and FS (r = -0.742, p <0.001), LVESVi and 

FS (rs = -0.714, p <0.001) and LVESVi and EF (rs = -0.786, p <0.001). Significant correlations 



 

59 

 

among other parameters were weak to moderate. All correlation coefficients are found in 

Appendix 2.4. 

2.3.5 Associations with Time to Primary Endpoint 

Data from V-1 and V-2, as well as the difference between these two visits, were explored 

for associations with time to outcome (Table 2.4 and Table 2.5). On univariate analysis of age, 

BW, NT-proBNP, conventional echocardiographic and STE parameters at V-1 and V-2, LAAo, 

LVIDsN, FS, and radial SSR at V-1 were significantly associated with cardiac outcome (Table 

2.4). There was an increased hazard of reaching the primary endpoint in dogs with a greater 

LVIDsN and a greater LAAo at V-1, and a reduced hazard in dogs who had a greater radial SSR 

and greater FS at V-1. Evaluating the change (Δ) in a parameter’s value from V-2 to V-1, Δ NT-

proBNP and Δ LVESV were associated with cardiac outcome (Table 2.5). There was a reduced 

hazard of reaching cardiac outcome in dogs whose NT-proBNP or LVESV decreased between V-

2 and V-1. Significant univariate HRs are depicted in Figure 2.15.  

On multivariate analysis, NT-proBNP at V-1 was significantly associated with cardiac 

outcome when combined in a model with NT-proBNP V-2. No STE parameters were associated 

with cardiac endpoint on multivariate analysis. Upon investigation of the conventional 

echocardiographic parameters, when combined with EF at V-2, an increased FS at V-2 was 

protective, and increased LVIDsN at V-1 had an increased hazard of cardiac outcome. An 

increased LVESVi at V-1 and increased EF at V-2 were both significantly associated with cardiac 

outcome when combined. A three-parameter model containing LVESVi at V-1, EF V-2, and BW 

was also significantly associated with cardiac outcome, with an increased LVESVi at V-1 and 

increased EF at V-2 conferring an increased hazard, and increased BW at V-2 conferring a 
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decreased hazard of cardiac outcome. Table 2.6 shows the significant multivariate models at V-1 

and V-2. 

Separate proportional hazard models were explored for the change in variables from V-1 

to V-2 (Table 2.7). The Δ LVESV was significantly associated with cardiac outcome when 

combined with Δ LVEDV and Δ FS individually, with a decrease in LVESV from V-2 to V-1 

being protective. These three parameters when combined were among the best three-parameter 

models identified by best subset selection, with all of them being significant when explored 

together. A model containing Δ EF and NT-proBNP at V-1 was not statistically significant. 

However, when Δ EF was included in a model with either Δ NT-proBNP or with NT-proBNP at 

V-1 and V-2, a reduction in EF from V-2 to V-1 and a higher NT-proBNP at V-1 conferred an 

increased hazard of cardiac outcome, and a decrease in NT-proBNP from V-2 to V-1 was 

protective.   

 

2.4 Discussion 
 

The present study investigated 20 Doberman pinschers with ODCM over a total of 44 

months. The dogs showed elevated NT-proBNP levels that increased from the time of enrolment 

to the final visit, which confirms one hypothesis of this investigation. Left ventricular linear 

dimensions and volumes in diastole increased over time, and routine indices of systolic function 

(LV dimensions and volumes in systole, FS, EF) indicated gradually decreasing systolic 

function, which is expected given the progressive nature of this disease. Longitudinal and radial 

strain parameters were highly variable and did not show predictable changes over time in this 

group of dogs, contrary to the hypothesis that these parameters would become progressively 

abnormal with time. Several significant correlations were found between the various measured 
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parameters in this group of Doberman pinschers; however, no correlations were identified 

between NT-proBNP and STE parameters.  

N-terminal pro-B-type natriuretic peptide and certain echocardiographic parameters were 

shown in this study to be associated with reaching cardiac outcome. In particular, on univariate 

analysis, a greater LVIDsN and LAAo at the final visit before outcome conferred an increased 

hazard of experiencing CHF or SD, and a greater radial SSR and FS at the final visit conferred a 

reduced hazard. Dogs in which the LVESV or NT-proBNP decreased between the final two 

visits had a reduced hazard of cardiac outcome, whereas these parameters were not predictive 

when known at only one time point. Aside from radial SSR at the final visit, no other STE 

parameter (at either of the final two visits¸ nor the change in value between these two time 

points) was significantly associated with the onset of cardiac endpoint, refuting the hypothesis 

that STE parameters would be useful predictors of cardiac outcome.   

 All dogs were of adult age at the time of enrolment with a median age of 7.3 years (range 

3.7 to 11.6 years), which is an age of onset consistent with that found in previous reports. 13,16,19 

There were more females than males in this group (12 females vs. eight males), which is 

different from some studies where DCM has been observed more frequently in males over 

females. 18,53,140,155 Other studies, however, have found a more equal sex distribution, 19 with 

male dogs showing echocardiographic changes at an earlier age than females, 19,53 but females 

having more VA. 19 There was no significant difference between age at enrolment of males 

compared to females in the present study. Five females met Holter criteria for entry compared to 

2 males. A minority of dogs had a heart murmur at the time of enrolment, which is consistent 

with other descriptions where a heart murmur is only present in 25 to 62% of dogs diagnosed 
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with ODCM. 11,13,38,52 The dogs were all free of relevant non-cardiac disease determined by 

history, physical examination, and serum biochemistries.  

As was hypothesized, median NT-proBNP values did increase in this group of dogs from 

the time of enrolment to V-1. There was a wide range of NT-proBNP values over all time points, 

with values ranging from the lower level of detection (250 pmol/L) to above 5000 pmol/L. In 

five dogs in the present study, a 38% to 346% increase in NT-proBNP was seen between the 

final two visits prior to cardiac outcome, and two dogs experienced a 65% to 120% increase 

between V-3 and V-2. Among these increases, two of those dogs had a percentage increase of 

46% and 38%, values that could be within biologic variability for dogs with MVD, where it has 

been suggested that a 58% change in NT-proBNP is required to demonstrate disease progression. 

76 The biologic variability of NT-proBNP in dogs with DCM has not been determined, therefore 

it is uncertain whether a similarly large percent-change would be required to accurately reflect 

change in disease status and whether these increases are within biologic variability. However, 

considering that both dogs experienced a cardiac event 159 days and 268 days, respectively, after 

V-1, it is suspected these marked increases did truly reflect worsening disease in these patients. 

These elevated and increasing NT-proBNP values were in contrast to the four dogs that were 

right-censored, where the NT-proBNP values did not show relevant changes over time and were 

significantly lower over all time points than the dogs that did experience SD or CHF. These 

findings are similar to what has been found in MVD patients, where dogs that experienced CHF 

show an increase in NT-proBNP, particularly in the final six months of life, compared to those 

who experienced NCD. 156   

 There were five relevant reductions in NT-proBNP levels between successive visits, and 

all could be explained by the addition or adjustment of cardiac medications. Two dogs 
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experienced decreases (74% and 75% decreases) in NT-proBNP between their first and second 

visits, which corresponded to starting pimobendan treatment. These NT-proBNP decreases did 

corresponded to reduction in LVIDs of 22% in one dog and 5.9% in the other. One dog 

demonstrated a 28% decrease in NT-proBNP between V-2 and V-1 which corresponded to an 

increase in pimobendan dose (from 0.26 mg/kg/day to 0.52 mg/kg/day) and an 18.9% decrease in 

LVIDs. These findings align with previous studies in dogs that have shown heart size to decrease 

with pimobendan administration, 37 and that NT-proBNP is positively correlated with indices of 

heart size as found in the present study and others. 17,65,93 It is conceivable that serial NT-proBNP 

measurements might be useful in monitoring response to treatment in dogs with ODCM, as has 

been found in some human studies monitoring heart failure therapy, 57,157 and further exploration 

of this possibility in canines is warranted.  

At V-1, the median NT-proBNP was 1120 pmol/L, and ranged from 250 pmol/L to 5337 

pmol/L, which represented the largest range of NT-proBNP values of any time point in the study.  

Among the 10 dogs with NT-proBNP values above the median at this time point, six dogs 

experienced CHF as endpoint and four dogs experienced SD. Of the 10 dogs with NT-proBNP 

values below the median at V-1, six dogs experienced SD, and four dogs were right-censored. In 

this group of dogs, it appears that while lower NT-proBNP values were less likely to be 

associated with CHF in the coming one to six months, low values did not exclude patients who 

died of SD. Presumably, patients that die of SD experience significant VA that ultimately result 

in ventricular fibrillation, 17,36 and it has been shown that NT-proBNP has limited sensitivity in 

detecting VA in Doberman pinschers with DCM, 34 therefore the finding that low NT-proBNP 

values do not exclude patients that will experience SD is in line with these other findings. 

Interestingly, however, in the present study one dog experienced a marked elevation in NT-
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proBNP at V-5 (79% increase) that corresponded to that dog demonstrating sustained ventricular 

tachycardia at V-5. This patient’s sotalol dose was subsequently increased and mexiletine was 

added, and the NT-proBNP decreased by 59% by V-4, at which point the dog was predominantly 

in a sinus rhythm. Thus, while NT-proBNP has limited sensitivity in detecting VA, its increase 

might be explained by severe VA in some cases. Regardless, higher NT-proBNP values were 

more associated with patients reaching CHF, a result that is similar to findings in MVD patients, 

where an NT-proBNP value of >1500 pmol/L was shown to be an independent risk factor for 

developing CHF. 98   

Interestingly, in this cohort of dogs with ODCM, 28 out of 78 NT-proBNP measurements 

(36%) were below the 735 pmol/L cut-off suggested to indicate increased risk for DCM in 

Doberman pinschers. a The population in the reference cited by the diagnostic laboratory’s 

interpretive guidelines included only Doberman pinschers meeting specific echocardiographic 

criteria, and did not include dogs with VA only as the manifestation of their ODCM. 158 The NT-

proBNP measurements below 735 pmol/L occurred in nine dogs, six of which were enrolled by 

echocardiographic criteria and three were enrolled by Holter criteria. In five out of the six 

echocardiographic-enrolled dogs, the lower NT-proBNP values corresponded with visits where 

the dogs were already receiving pimobendan with or without an ACEI. As pimobendan has been 

shown to decrease heart size in dogs 159,160 and ACEIs have been shown to lower NT-proBNP 

levels in humans, 161 administration of these medications may have contributed to the lower than 

expected NT-proBNP values in those dogs. The lower NT-proBNP values in the Holter-enrolled 

dogs may not be surprising, as these patients would not have demonstrated increased heart size, 

at least at the time of enrolment. In one study, Singletary et al. found NT-proBNP alone to have 
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limited sensitivity in detecting ODCM, however the sensitivity improved substantially when NT-

proBNP was combined with Holter results. 34   

One hypothesis of this study was that longitudinal and radial STE parameters would be 

abnormal in dogs with ODCM, and that they would become progressively abnormal as disease 

progressed. This hypothesis was based on findings in humans with DCM and other cardiac 

diseases that GLS is more sensitive in detecting LV dysfunction than EF, 127 and that radial strain 

is shown to be abnormal in human DCM and other causes of systolic dysfunction. 111,131,133 In the 

present study, no STE variable showed predictable changes over time despite a majority of dogs 

reaching a cardiac outcome, which was an unexpected finding, and while GLS values in these 

Doberman pinschers with ODCM were lower than those expected in a normal human heart, they 

were similar to values found in healthy dogs in other studies. 114,142,143,162 Global radial strain 

values, however, were lower in the present group of dogs when compared to other studies’ 

values of healthy dogs. 116 

In the present study, Doberman pinschers with ODCM had a median GLS of -13.6% at 

enrolment, and over all time points the range of GLS values was -7.9% to -20.7% with no 

detectable pattern to the change over time. While longitudinal strain by STE has not previously 

been evaluated in dogs with DCM, the range of GLS values found in this study were not 

dissimilar to those found in normal dogs. In various breeds of healthy dogs, mean or median 

GLS obtained by STE have been reported to be -14.3% (median), 114 -16.2% (mean), 142 -14.9% 

(mean), 162 and -14.8% (mean) 143 in English Springer spaniels, Irish Wolfhounds, Beagles, and 

Labrador Retrievers, respectively. The full range of measured GLS values in these studies 

collectively was -8.9% to -23.2%. 114,142,143,162 In a healthy person, GLS is expected to be 

approximately -20%. 44,163 A meta-analysis of 24 studies in human patients investigating normal 
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strain parameters in 2,597 subjects found that reported normal mean GLS ranged from -16% to -

22%. 163 These results in humans call into question the reportedly normal GLS values as low as -

8.9 to -10.2% in some canine studies. 114,142 It is unclear why canine studies show overall lower 

GLS values and a wider range of reported normal values compared to human studies. While 

several studies in dogs have found low (<10%) coefficients of variation for GLS, 115,124,142 

Dickson et al. evaluated intra-operator (image acquisition) and intra-observer (measurement 

acquisition) variability of longitudinal strain parameters, and found variability to be higher in 

STE-derived variables (intra-operator coefficient of variation 11.2% for GLS) compared to TDI 

variables (intra-operator coefficient of variation 3.6% for TDI S’). 114 Of note, interobserver and 

between-day variability was not assessed in that study, leaving these factors as additional 

possible contributors to wide GLS ranges. Variation between individuals within a breed and 

between breeds may also play a role in the overall variability found in the GLS of normal dogs, 

where humans may be more homogenous. English springer spaniels were one breed in which 

GLS values were noted to be lower than normal GLS in humans, 114 and this breed has also been 

shown to have lower FS than other breeds of dogs, 164 highlighting the possibility of relevant 

breed variation. In humans, age, gender, body mass, systemic blood pressure, frame rate of the 

acquired images, and equipment vendor differences have all been found as potential sources of 

variability between studies, 163 and these factors may similarly contribute to the variability seen 

between canine studies. Equipment vendor differences may be less of a factor than previously, 

with the publication of a common standard by the American Society of Echocardiography and 

the European Association of Cardiovascular Imaging, 126,128 however a recent veterinary study 

reported significant difference in longitudinal strain parameters between two vendor software 

programs, and between those programs and a vendor-independent software. 124 The vendor 
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software used in the present study was the same as that used in three of the four above 

investigations in normal dogs, but different from one of the studies. The echocardiographic 

machine used was the same as in two of the aforementioned studies. Therefore, inter-vendor 

differences might play a small role in limiting the comparison made between this and other 

studies. More information is required on normal GLS values in dogs of various breeds and in 

those with different cardiac diseases to determine if this parameter is of diagnostic or prognostic 

use in canines. 

Human pediatric patients with DCM have been shown to have reduced GRS compared to 

normal controls. 131 In the present study of Doberman pinschers with DCM, the mean GRS at 

enrolment was 22.7% (± 10.7 %; median 18.7% [8.6 – 44.6 %]), considerably lower than the 

normal GRS range reported in normal humans (mean 47%) 163 and dogs (mean 46.7% [± 12.2]). 

116 This variable did not change substantially over time in the present group of dogs, with no 

discernable pattern to the trend over time, and median at V-1 was 24.3 % (4.4 – 49.2 %), not 

significantly different than the median GRS at enrolment. Despite the absence of relevant change 

over time, the lower than normal GRS values found in these dogs with ODCM shows that radial 

strain is impaired in DCM. Unlike GLS, GRS has been investigated in dogs (Great Danes) with 

and without DCM, and in that breed, mean GRS in the normal dogs was 47.2% (± 12%) and in 

the ODCM dogs was 41.3% (±12.8). 144 The GRS found in the ODCM Great Danes was higher 

than that found in the present study in Doberman pinschers, despite both investigations using the 

same vendor’s software. Although direct comparisons between two different study designs are 

limited, this difference might suggest that cardiac function in the radial direction is more affected 

in Doberman pinschers compared to Great Danes with the same cardiac disease, or that the dogs 

in the current study had more advanced disease than the Great Danes. While many studies focus 
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on longitudinal myocardial motion and strain, our findings support the notion that has been 

suggested in children with DCM that the assessment of radial myocardial strain may be as 

important as assessing longitudinal motion in this disease. 131   

 In terms of the more conventional echocardiographic parameters measured in this study, 

some showed relevant changes over time. Among the entire group of dogs, LV volumes and 

dimensions in diastole and systole increased over time and both EF and FS decreased over time. 

Median left atrial size did increase over time (LAAo from 1.1 to 1.3), however the median LAAo 

by V-1 (1.3, range 0.9 – 1.5) remained within what has been considered normal limits for dogs 

(up to 1.6). 152,165 Interestingly, no dog had a LAAo at V-1 above 1.5, even those dogs that went 

on to develop CHF. The studies of normal LAAo in dogs examined various breeds, however one 

involved no Doberman pinscher dogs, 152 the other included five Doberman pinschers (of 238 

dogs), 165 and few published studies of Doberman pinscher echocardiographic findings report on 

LA size. Therefore, whether Doberman pinscher dogs have their own specific normal range for 

LAAo is undetermined. There are also limitations to this method of measuring LA size. It has 

been shown that obtaining LAAo at different points in the cardiac cycle result in different 

measurements. 165 This was accounted for in the present study by obtaining all measurements at 

the same time point, end-systole. Pulmonary veins entering the left atrium can make 

measurement a challenge; 165 this was accounted for in the present study by extending the curved 

edge of the LA, and the LA was measured to this edge rather than into the pulmonary vein, as 

has previously been described. 165 Despite these attempts to obtain accurate LAAo 

measurements, it remains that this method evaluates only one dimension of the LA in a single 

plane. It is possible that alternative methods of evaluating LA size might be more sensitive in 

detecting changes or abnormalities in Doberman pinschers, such as the LA dimension from a 
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long axis image, LA area, or LA volume, all of which have been reported in dogs. 152,166,167 In 

humans, LA volume measurements have been shown to be superior to LA diameter and area in 

predicting cardiac outcomes, 168 and whether this is true in dogs remains to be seen. 

 Transmitral flow velocities, E and A, did not change substantially over time. Median E 

velocities across all time points ranged from 0.57 m/s to 0.62 m/s, and median A velocities 

ranged from 0.47 m/s to 0.58 m/s, values which have been found in normal dogs and dogs with 

ODCM. 54 Transmitral E wave deceleration time trended downward over time, particularly from 

V-6 to V-1, however DTE was not significantly different between V-6 and V-1. Previous 

investigations have shown a shorter DTE to be predictive of cardiac outcome in Doberman 

pinschers and other dogs breeds with clinical and preclinical DCM, 54,169 and therefore the trend 

downward in this study may be clinically relevant, despite not being statistically significant. 

Isovolumic relaxation time did not change substantially over time. As IVRT generally will 

increase in duration during earlier phases of diastolic dysfunction and shorten during more 

advanced diastolic dysfunction, 170 it was expected to see IVRT decrease as dogs approached 

cardiac outcome, and while a trend downward was seen in some individual dogs, the median 

IVRT did not change substantially over time. In the present study, no TDI variable showed 

relevant changes over time, including in the visits leading up to cardiac outcome. As tissue 

velocities measured by TDI have been previously shown in dogs to be a sensitive marker of 

systolic dysfunction, 171 it was expected that S’ of the interventricular septum and LV free wall 

would show decreases over time, along with the other measured indices of systolic function. 

There are limited published reports of TDI variables in Doberman pinschers with DCM. 

However, interestingly, in Chetboul et al., the mean LV free wall S’ in normal control dogs of 

various breeds was 9.65 cm/s, 140 a value below the median free wall S’ at any time point in the 
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present study of ODCM Doberman pinschers. A study by Simak et al. measured S’ at the basilar 

interventricular septum in healthy Doberman pinschers, reporting a median S’ of 10.1 cm/s, 145 a 

value similarly lower than that measured in the present study. In the above aforementioned 

studies, LV annular velocities were obtained by colour tissue Doppler, whereas in the present 

study they were obtained by pulsed-wave Doppler, a distinction that could account for the 

differences in velocities obtained. However, it may be that the variability of TDI measurements 

is sufficiently high, precluding these values from providing clinically meaningful information.  

Contrary to the hypothesis that NT-proBNP would be correlated with STE parameters, 

this study did not find a significant correlation between this biomarker and longitudinal or radial 

strain or SR. This is different from what has been described in the human literature, where NT-

proBNP is found to be positively and significantly correlated with longitudinal strain, although 

the relationship has only been described in heart failure patients. 136,172 It is possible the 

association between these parameters could not be detected by the small sample size, because of 

the somewhat heterogenous group of dogs (enrolled at various stages of disease, and by both 

echocardiographic and Holter criteria), the wide range of STE parameters found in this study, or 

a combination. Alternatively, there may truly be poor correlation between these measurements 

either in dogs in general, or in preclinical disease, or both. Further evaluation with a larger and 

possibly more homogenous cohort of dogs may be required to get a full picture of these 

relationships. 

Human studies have shown NT-proBNP to be strongly and significantly correlated with 

EF, and in one investigation of humans with chronic heart failure, EF was found to be the 

strongest predictor of NT-proBNP levels. 136 In the present study, NT-proBNP and EF were not 

significantly associated with one another, however NT-proBNP was significantly correlated to 
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LV linear measurements (LVIDd and LVIDs), FS, and mitral annular velocities during systole 

(S’Sept and S’Lat). The absence of correlation between NT-proBNP and LV volumes and EF 

may be due to non-standardized medication protocols, and/or the small sample size. 

Alternatively, it is shown in human studies that with the active hormone, BNP, there is a wide 

range of values in patients with systolic dysfunction that cannot entirely be explained by volume 

overload or the magnitude of EF reduction. 173 It may be that in this population of Doberman 

pinschers with ODCM, other factors are playing an important role in the magnitude of NT-

proBNP elevation (or absence thereof) such as degree of mitral regurgitation or even right 

ventricular function, both of which have been shown to affect BNP levels in human patients. 173 

In the present study, indices of right ventricular function were not evaluated, nor was degree of 

mitral regurgitation quantitated, however NT-proBNP was not significantly correlated with LA 

size (LAAo), which can give some indication of the degree of MR. 174 Daily variability in NT-

proBNP values may also play a role in the absence of some expected correlations, as NT-

proBNP can show significant daily variability 76,77 which would not be expected in 

echocardiographic measurements. It is possible that the relationship between NT-proBNP and 

these parameters are more complex than simple linear correlation, or that a larger population is 

required to uncover these associations. 

Similarly, NT-proBNP was not significantly correlated with any of the measured indices 

of diastolic function (TMF velocities, DTE, diastolic myocardial velocities, or IVRT), or with 

renal parameters (urea, creatinine). There is strong evidence that NT-proBNP increases in human 

and canine patients with azotemia, 69,73,175 and a strong correlation has been found in human heart 

failure patients between creatinine and NT-proBNP even when renal function is normal. 176 

These relationships have been less frequently investigated in dogs with normal kidney function, 
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however one study involving 23 control dogs did find a significant but only moderate association 

between NT-proBNP and two measured renal biomarkers (urea and creatinine). 177 The present 

study may have been underpowered to detect a significant correlation. However, importantly, the 

dogs all had normal serum creatinine at all time points, and it was therefore determined that any 

NT-proBNP elevations were not likely due to reduced renal clearance. 

Only few significant correlations were found in this study between STE parameters and 

more conventional indices of myocardial function. Longitudinal strain variables (GLS and 

longitudinal SSR) were both correlated with EF, as has been documented in normal human 

patients and those with DCM and other cardiovascular disease. 123,178 Longitudinal SSR was also 

correlated with FS and LVESVi, and GLS also correlated with TDI S’ of the LV free wall. Few 

radial strain parameters showed weak to moderate correlations with other indices of systolic 

function. Radial SSR was moderately positively correlated with FS, and GRS did correlate with 

LVEDVi, LVESV, and LAAo. There is limited information in the published literature about 

specific correlations between longitudinal and radial strain, aside from their relationship with EF 

and invasive measurements of LV systolic function, 112 therefore it is uncertain whether more 

significant correlations exist between STE and other echocardiographic parameters in other 

populations (canine or human). It is surprising that there were not more significant correlations 

between longitudinal strain values and TDI velocities, considering myocardial velocity and 

deformation are intricately linked mathematically. 105,107 The difference might be attributed to the 

fact that TDI was only measured at the mitral annulus, and longitudinal strain and SR were 

obtained as a global value from all six segments of the myocardium in the apical four-chamber 

imaging plane. These associations will require further exploration. 
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N-terminal pro B-type natriuretic peptide and certain echocardiographic parameters were 

shown in this study to be associated with reaching cardiac outcome, findings that were in line 

with other studies. 34,98 However aside from radial SSR at V-1, no other STE parameter was 

significantly associated with the onset of cardiac endpoint, contrary to the hypothesis that these 

parameters would be useful predictors of cardiac outcome. On univariate analysis, the change in 

NT-proBNP between V-2 and V-1 was significantly associated with outcome. Additionally, NT-

proBNP at V-1 was found to be significantly associated with outcome when combined with the 

biomarker level at V-2, despite it not being significantly associated with outcome alone at V-1 or 

V-2. These results support one another and suggest that knowing the biomarker’s value at two 

different time points, or the change in NT-proBNP between two time points, is a more useful 

prognostic tool than the value at a single time point. A previous investigation showed that 

ODCM dogs with a higher NT-proBNP value at a single time point had shorter survival times 

compared to Doberman pinschers with lower values, 34 which has also been shown in MVD 

patients, 98,99,179,180 however the current study is the first to demonstrate that the change in NT-

proBNP can be prognostically useful in ODCM as well. In human heart failure patients and in 

canine MVD patients, it has been shown that the change in NT-proBNP value is a more useful 

prognostic indicator than a single value 180,181 The findings of the present study highlight the 

potential utility of serial NP measurements in assessing prognosis in Doberman pinschers with 

preclinical DCM, and should be explored further in this and other breeds.  

The majority of the STE parameters investigated were not significantly associated with 

the primary endpoint, although at V-1 radial SSR was significantly associated with outcome, with 

a higher radial SSR at the final visit being protective. This result makes physiologic sense 

because a higher radial SSR indicates a faster rate of myocardial deformation (and a surrogate 
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for detecting more rapid contractility 182) in the radial direction, however it is unclear why this 

measurement alone was shown to be predictive. It is a particular surprise that GLS was not 

associated with outcome in these dogs, as many studies of human patients with reduced systolic 

function have shown GLS to be a strong predictor of outcome. 134–136 It is possible the study was 

underpowered to find significant relationships among all of these parameters and outcome. 

Alternatively, the findings of the present study may suggest that while NT-proBNP and some 

conventional echocardiographic variables are useful in predicting outcome in Doberman 

pinschers with ODCM, strain analysis by STE may not be useful in this regard.  

Despite LAAo not being considered enlarged at V-1, a larger LAAo at V-1 was associated 

with an increased hazard of reaching the primary endpoint. This has not previously been reported 

in canine DCM, however LA size has been shown to be a significant predictive variable in 

canine MVD. 98,183,184 Worsening systolic function (evidenced by increased LVIDsN, decreasing 

FS at V-1) was similarly shown to be associated with an increased likelihood of cardiac outcome, 

as has previously been shown in dogs with DCM. 37,169,185 In addition to these, the present study 

also identified that a reduction in LVESV between V-2 and V-1 conferred a reduced hazard ratio 

in these dogs. These findings are in line with what has previously been documented in Doberman 

pinschers 37,38 and other breeds with ODCM, 169 where lower indices of systolic function 

(including LVIDs, FS, 38 LVIDsN, 37 LVESVi and EF 169) have been shown to be predictive of 

cardiac outcome. 37,169 Interestingly, in the present study, no measurement of diastolic LV size 

was found to be significantly associated with outcome, despite diastolic heart size being 

predictive in other studies. 17,37,38 

Although LVESVi at V-1 or EF at V-2 were not significantly associated with outcome on 

univariate analysis, when explored in a model together based on best subset variable selection, 
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both parameters were found to be associated with cardiac outcome, with an increase in both 

variables being associated with an increased hazard of cardiac outcome. While it is not entirely 

clear why these parameters would be relevant together but not individually, it may be related to 

the way the values changed between the final two visits. As EF is calculated from LVESV, these 

two parameters are closely related, and therefore it may be that a larger EF at V-2 (indicating 

better systolic function) along with a larger LVESVi at V-1 (indicating worsened systolic 

function) together implies if systolic function worsens between the final two visits, this is 

associated with a worse outcome. Of course, statistical error due to limited degrees of freedom is 

also a possible explanation, as it would not be expected for a larger EF (at any time point) to 

result in an increased risk of cardiac outcome. Interestingly, these two parameters were also 

found to be significant in a model containing BW, where a higher BW was protective. Body 

weight was found to be associated with cardiac outcome in Doberman pinschers with clinical and 

preclinical DCM in few studies, with conflicting results. In Singletary et al., increased BW was 

associated with an increased hazard of cardiac outcome. 34 In O’Grady et al., an increased BW in 

ODCM Doberman pinschers was associated with a reduced risk of CHF or SD. 37,38 Similarly, it 

has been shown in humans with chronic heart failure that reduced BW is a risk factor for 

mortality, 186 and this has been suggested in canine heart failure as well. 51,187 In the present 

study, BW was not found to be a predictor of outcome on univariate or any other multivariate 

analyses, therefore it is unclear why it was revealed to be a predictor in this model with LVESVi 

and EF. It might be that the small sample size resulted in over-fitting of a three-parameter model, 

or there may be a more complicated relationship between these three variables that is not 

apparent.   
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Among the 20 dogs analyzed in this study, the median time from enrolment to cardiac 

outcome was 363.5 days, similar to the duration of the preclinical period in some studies (median 

350 to 411 days 15,37,38) but less than the median time to cardiac outcome in the PROTECT trial 

treatment group (718 days). 37 The present study was not designed to evaluate the effect of 

pimobendan or other treatment, and therefore treatments were not standardized. However, as the 

majority of the dogs (16/20 dogs, 80%) were receiving pimobendan by the time of enrolment or 

started pimobendan following their first visit, it is interesting that the median time to cardiac 

outcome is substantially less in the present group of dogs compared to the dogs receiving 

pimobendan in the PROTECT trial, despite similar pimobendan doses (range of 0.26 – 0.60 

mg/kg/day for the present study; interquartile range 0.31 – 0.50 mg/kg/day for PROTECT 37). 

The difference may be attributed to dogs in earlier stages of DCM being recruited for the 

PROTECT study and therefore surviving longer. In the present population, because we planned 

to evaluate changes over time and predictors of outcome, some dogs were enrolled who had been 

diagnosed with DCM prior to enrolment in the study, and some had started pimobendan 

treatment prior to enrolment in the study. Therefore, in the present study, time from enrolment to 

outcome is not the same as time of new diagnosis to outcome, thus limiting the ability to 

compare time to outcome with other studies. The uncertainty of how advanced one dog’s disease 

is compared to the next can contribute to the challenge of comparing times to outcome between 

different study populations, and might influence the outcome times presented above. 

Additionally, inclusion criteria are not identical between the present study and the PROTECT 

trial, with the latter recruiting only dogs with an increased LVIDs, whereas the present study also 

included some dogs (5/20 dogs, 25%) with VA as the sole manifestation of their ODCM. While 

this difference could have accounted for the difference in times to outcome if the inclusion of 
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dogs with only VA in the present study increased the risk of early SD, however the median time 

to outcome did not differ in the dogs experiencing SD and CHF (364 days vs. 275 days, 

respectively).   

As is the case for many veterinary clinical studies, sample size is a limiting factor for the 

present study. Because an objective of the study was to obtain serial examinations of the dogs, 

and because of the time constraints of having dogs enrolled sufficiently early to have adequate 

follow-up time, 20 Doberman pinschers could be feasibly enrolled. It is acknowledged that more 

robust results are likely to be found in studies involving a larger sample size. Additionally, the 

present study lacked non-DCM control dogs for comparison. It is reported that normal Doberman 

pinschers can have NT-proBNP values higher than laboratory-reported reference ranges. 67 As 

serial NT-proBNP measurements have not previously been described in normal Doberman 

pinschers, following non-DCM Doberman pinschers over a similar time frame as the ODCM 

dogs would have verified if changes over time in these parameters were truly disease-associated, 

or simply associated with normal variations. There is still a paucity of data on STE values in 

normal dogs, and none reported in Doberman pinschers specifically, therefore it is difficult to 

truly conclude if the values obtained in these dogs were abnormal. Some strain and SR values are 

available in the literature for normal Doberman pinschers, however only segmental values are 

available, they were performed only on the interventricular septum, and were obtained by TDI 

rather than STE. 145 While direct comparisons are not possible with the present study due to 

those differences, it is noted that the GLS and longitudinal SSR values obtained in the present 

cohort of ODCM Doberman pinschers do fall within the ranges of normal values proposed by 

Simak et al., 145 which is an interesting and unexpected finding. Because the predominant 

purpose of the present study was to evaluate these parameters in dogs affected with ODCM, and 
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their change over time, comparison to normal Doberman pinschers was not a stated objective, 

and therefore were not included, but may have strengthened the results. Additionally, the 

variability of STE measurements was not assessed in this study. Considering a single observer 

obtained all STE measurements in the present study, and that intra-observer variability has been 

previously reported to be low, 116,124 this may be a less relevant limitation. However, as serial 

measurements were obtained, and daily variability in STE values has not been assessed in dogs, 

it is unknown how substantial variability over time plays a role in these results. Image quality 

might also play a role in the unexpected and unpredictable STE values over time in this study, 

particularly in regard to GLS. Being that Doberman pinschers are deep-chested dogs, obtaining 

high-quality images of the full LV can be challenging. In six examinations (5/79 for GRS and 

6/78 for GLS), one or two myocardial segments did not track adequately, therefore requiring the 

exclusion of those segments from analysis. While it is possible that excluding myocardial 

segments from GLS or GRS calculations could alter the results obtained, in 72/78 GLS analyses 

and 74/79 GRS analyses tracking was adequate in all six segments, suggesting excluded 

segments played only a minor role in the STE results in this study. Further, an older-generation 

echocardiographic machine was used for the majority of the examinations in this study, whereas 

newer equipment would be expected to provide improved image acquisition. Additional, ideally 

larger, studies involving diseased and control dogs are required to identify if strain parameters 

are indeed useful in the diagnosis and risk assessment of dogs with ODCM.  

 Another recognized limitation is that dogs were enrolled at various stages of disease, and 

correlations were examined between variables at the time of enrolment. Controlling for this in 

the proportional hazards analysis was achieved by treating cardiac endpoint as the study 

reference point and looking backward to visits leading up to endpoint for predictive variables. 
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However, although there was an attempt to standardize the interval between visits, and most dogs 

were examined every 3 to 4 months, some sequential visits were separated by longer than this for 

owner scheduling reasons. Similarly, not all dogs were enrolled with the same entry criteria – the 

population was made up of both Doberman pinschers with enlarged LVIDs and those diagnosed 

with ODCM by the presence of frequent VA. If the group of dogs were more homogenous it is 

possible more or different significant results would have been found. Conversely, as this study 

involved only Doberman pinscher dogs, the results cannot necessarily be applied to dogs of other 

breeds with ODCM.  

In people, NT-proBNP levels are known to be altered by certain therapies including 

ACEIs, 57 therefore another limitation of the study is that the dogs were not on standardized 

therapy. However, the majority of dogs were receiving pimobendan and an ACEI by their final 

visit, and many were receiving these two medication classes by their second-to-last. If or how 

administration of cardiac medications alter NT-proBNP levels in Doberman pinschers with 

ODCM was not an objective of this study and therefore was not evaluated and requires further 

investigation. 

 

2.5 Conclusions and Future Directions 
 

The present study is the first to evaluate serial NT-proBNP values in Doberman pinscher 

dogs with ODCM, and the first to investigate the use of radial and longitudinal strain by STE in 

Doberman pinschers with ODCM. The biomarker NT-proBNP was shown to increase over time, 

and despite single measurements not proving useful as a prognostic indicator, its increase over 

the final two visits was a relevant predictor of cardiac outcome. This novel finding in canine 

ODCM may be further evaluated in larger investigations, and in particular may be useful for 
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monitoring of therapeutic interventions. Despite STE parameters being largely unpredictable and 

generally not predictive of cardiac outcome in this study, some conventional echocardiographic 

parameters proved useful in risk assessment. Indices of systolic function, including LVESV, 

LVIDsN, and FS, were significant predictive variables, as have been found in other studies. 

37,38,169 Left atrial size was also found to be a predictive variable, despite LAAo remaining within 

normal reference ranges, which has not previously been shown in canine ODCM.    

This study adds to the still-limited veterinary literature investigating myocardial strain in 

canine cardiac disease, and may serve as a basis from which other investigations may arise. 

Strain parameters were highly variable among this group of dogs over time, did not change 

predictably over time, and did not meaningfully assist in predicting outcome. This is an 

interesting and unexpected finding considering that STE, and in particular GLS, has been shown 

to provide additional prognostic information above conventional echocardiographic parameters 

in humans. 134–136 Further investigations involving STE in canine ODCM and other cardiac 

diseases are required. In addition to larger investigations to increase the power of the results, 

studies including a normal control group are required to establish normal STE parameters in 

Doberman pinschers. Ideally, larger numbers of dogs overall and increased numbers of patients 

with both disease presentations (echocardiographic or Holter enrollment criteria) should be 

performed to allow for comparison between these potentially distinct groups of dogs. 

Standardized treatment protocols would be beneficial to minimize the effect of treatment on 

results. Additional strain parameters such as circumferential strain and STE in multiple planes 

may be evaluated in future studies. Importantly, more studies on repeatability are required for 

this relatively novel echocardiographic technique in order to adequately assess if STE can be 

clinically useful in canine DCM. 
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As some investigations in dogs with MVD and humans with or at risk of heart failure 

show that a natriuretic peptide (BNP or NT-proBNP) performs better as a prognostic maker 

when combined with another cardiac biomarker, cTnI or cTnT, 100–102,180 it might be that a two-

biomarker approach is similarly beneficial in risk assessment of canine ODCM. Future 

investigations into the use of biomarkers in predicting prognosis should consider additional 

biomarkers in addition to serial measurements.  

Identifying prognostic indicators for dogs in the preclinical stage of DCM could 

potentially have important implications for therapeutic recommendations and decision making. 

For example, closer more frequent monitoring is typically considered for those with more rapidly 

progressing disease compared to patients with stable disease. While risk assessment is important, 

once higher-risk patients can accurately be identified, treatment additions or alternations are 

needed to mitigate those risks and improve outcomes.  The information gained by the present 

study can be used as a basis for further investigations into the use of cardiac biomarkers, 

particularly NT-proBNP, and conventional echocardiographic parameters, including additional 

ways of measuring LA size, for monitoring, treatment adjustments, and prognosis in Doberman 

pinschers with ODCM. 
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2.6 Tables for Chapter 2 

 

Table 2.1 Echocardiographic criteria for inclusion 10 

Body weight (kg) up to: LVIDs ≥ (mm) 

25 38.8 

30 39.5 

35 40.2 

40 40.9 

45 41.6 

50 42.3 

55 43.0 

 

Abbreviation: LVIDs = left ventricular internal diameter in systole 
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Table 2.2 Patient characteristics, blood results and echocardiographic variables at enrolment  

 

Variable Dogs at enrolment (n = 20) 

Age (years)  7.31 (± 2.19) 

Sex  8 males (3 castrated) 

12 females (8 spayed) 

Body weight (kg) 36.4 (± 6.20) 

Enrolment criteria (# of dogs)  

Echocardiographic 13 

Holter 5 

Both Holter + 

echocardiographic 

2 

Outcome (# of dogs)  

Congestive heart failure 6 

Sudden death 10 

Non-cardiac death 1 

Still occult at end of study 3 

Murmur (y/n) 7 yes, 13 no 

Heart rate (bpm) 102 (± 20.7) 

NT-proBNP (pmol/L) 875 (250 – 3560) 

Urea (mmol/L) 5.16 (± 1.31) 

Creatinine (μmol/L) 78.2 (± 17.8) 

LVIDd (mm) 47.3 (± 6.58) 

LVIDdN 1.65 (± 0.29) 

LVIDs (mm) 39.9 (± 6.69) 

LVIDsN 1.29 (± 0.20) 

FS (%) 15.9 (±3.96) 

LVEDV (mL) 107 (68.9 – 194) 

LVEDVi (mL/m2) 90.8 (69.1 – 169.8) 

LVESV (mL) 68.1 (± 24.1) 

LVESVi (mL/m2) 56.3 (37.8 – 116.9) 

EF (%) 36.8 (± 6.73) 

LAAo (ratio) 1.3 (± 0.19) 

TMF E (m/s) 0.6 (0.4 – 1.3) 

TMF A (m/s) 0.6 (0.4 – 0.8) 

TMF DTE (ms) 112 (85.7 – 174) 

IVRT (ms) 87.1 (± 15.3) 



 

84 

 

Variable Dogs at enrolment (n = 20) 

TDI S’ septal (cm/s) 11.4 (± 1.71) 

TDI E’ septal (cm/s) 7.87 (± 1.87) 

TDI A’ septal (cm/s) 8.23 (± 1.79) 

TDI S’ lateral (cm/s) 13.0 (± 2.42) 

TDI E’ lateral (cm/s) 12.9 (± 3.14) 

TDI A’ lateral (cm/s) 10.3 (± 1.68) 

GLS (%) -13.6 (± 3.20) 

Longitudinal SSR (1/s) -1.25 (-0.98 – -2.45)  

GRS (%) 22.7 (± 10.7) 

Radial SSR (1/s) 1.87 (1.13 – 3.26) 

Results presented as median (range) or mean (± standard deviation) unless otherwise 

indicated.  

 

Abbreviations: bpm = beats per minute; EF = ejection fraction; FS = fractional shortening; 

GLS = global longitudinal strain; GRS = global radial strain; IVRT = isovolumic relaxation time; 

LAAo = left atrium to aorta ratio; LVIDd = left ventricular internal diameter in diastole; 

LVIDdN = LVIDd normalized to body weight; LVIDs = left ventricular internal diameter in 

systole; LVIDsN = LVIDs normalized to body weight; LVEDV = left ventricular end diastolic 

volume; LVEDVi = LVEDV indexed to body surface area; LVESV = left ventricular end 

systolic volume; LVESVi = LVESV indexed to body surface area; NT-proBNP = N-terminal 

pro-B-type natriuretic peptide; SSR = systolic strain rate; TMF A = peak late diastolic 

transmitral flow velocity; TMF E = peak early diastolic transmitral flow velocity; TMF DTE = 

deceleration time of early diastolic transmitral flow wave; TDI A’ = peak late diastolic 

myocardial velocity by tissue Doppler imaging; TDI E’ = peak early diastolic myocardial 

velocity by tissue Doppler imaging; TDI S’ = peak systolic myocardial velocity by tissue 

Doppler imaging 
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Table 2.3 Patient characteristics, blood results and echocardiographic variables at V-8 through V-1 

 

Variable 

 

V-8 

(n = 3) 

 

V-7 

(n = 5) 

 

V-6 

(n = 6) 

 

V-5 

(n = 8) 

 

V-4 

(n = 8) 

 

V-3 

(n = 11) 

 

V-2 

(n = 18) 

 

V-1 

(n = 20) 

Time between subsequent 

visits (days) 

V-8 to V-7 V-7 to V-6 V-6 to V-5 V-5 to V-4 V-4 to V-3 V-3 to V-2 V-2 to V-1 V-1 to V-0 

113 (93 – 

116) 

92 (76 – 

113) 

122 (82 – 

186) 

120 (90 – 

146) 

120 (100 

– 198) 

112 (70 – 

169) 

122 (83 – 

273) 

112  

(34 – 185) 

Body weight (kg) 32, 31.4, 

24.3 

33.0 (25.4 

– 45.7) 

35.7 (24.0 

– 45.1) 

37.8 (25.0 

– 45.8) 

39.0 (24.0 

– 47.0) 

36.0 (23.7 

– 46.0) 

35.3 (25.2 

– 45.0) 

35.7 (25.3 

– 51.3) 

Heart Murmur (y/n) 1 yes, 2 

no 

3 yes, 2 no 3 yes, 3 no 3 yes, 5 no 4 yes, 4 

no 

3 yes, 8 

no 

10 yes, 8 

no 

12 yes, 8 

no 

Gallop (y/n) 0 yes, 3 

no 

0 yes, 5 no 0 yes, 6 no 0 yes, 8 no 0 yes, 8 

no 

1 yes, 10 

no 

0 yes, 18 

no 

2 yes, 18 

no 

Heart rate (bpm) 86, 105, 

114 

110 (50 – 

135) 

103 (70 – 

130) 

100 (88 – 

118) 

96 (61 – 

125) 

96 (53 – 

114) 

103 (59 – 

137) 

93  

(56 – 143) 

Number receiving 

pimobendan/ACEI/ 

antiarrhythmics 

1/1/0 1/1/1 3/2/2 5/5/2 7/6/2 8/7/4 12/9/5 18/15/9 

NT-proBNP (pmol/L) 1349, 

479, 977 

703 (250 – 

2249) 

474 (338 – 

2004) 

524 (250 – 

3589) 

699 (250 

– 2171) 

1167 (250 

– 3560) 

917 (288 

– 3912) 

[n = 17] 

1120 (250 

– 5337) 

Urea (mmol/L) 4.3, 7.9 

[n = 2] 

6.8 (4.8 – 

11.8) 

6.2 (3.8 – 

11.3) 

4.7 (3.5 – 

5.5) 

5.5 (3.0 – 

6.6) 

5.2 (3.9 – 

8.5) 

5.7 (4.4 – 

9.0) 

[n = 14] 

6.3  

(3.2 – 

10.0) 

Creatinine (μmol/L) 82, 51 

[n = 2] 

68.0 (56.0 

– 79.0) 

73.0 (49.0 

– 88.0) 

73.0 (65.0 

– 91.0) 

65.5 (57.0 

– 89.0) 

72.0  

(61.0 – 

115.0) 

78.0 (58.0 

– 111.0) 

[n = 14] 

77.0 (47.0 

– 130.0) 
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Variable V-8 

(n = 3) 

V-7 

(n = 5) 

V-6 

(n = 6) 

V-5 

(n = 8) 

V-4 

(n = 8) 

V-3 

(n = 11) 

V-2 

(n = 18) 

V-1 

(n = 20) 

LVIDd (mm) 41.6, 

37.8, 

44.2  

45.3 (35.2 

– 55.3) 

47.3 (38.6 

– 52.3) 

47.1 (33.4 

– 57.9) 

46.1 (36.1 

– 56.7) 

47.5 (34.2 

– 53.6) 

45.9 (37.1 

– 63.1) 

48.3 (35.5 

– 70.8) 

LVIDdN 1.50, 

1.37, 

1.73 

1.62 (1.28 

– 1.80) 

1.64 (1.43 

– 1.78) 

1.56 (1.30 

– 1.98) 

1.52 (1.35 

– 1.9) 

1.61 (1.35 

– 1.85) 

1.61 (1.35 

– 2.17) 

1.62 (1.32 

– 2.41) 

LVIDs (mm) 33.6, 

29.3, 

39.0 

36.2 (25.8 

– 45.4) 

39.5 (32.1 

– 45.8) 

40.0 (27.7 

– 50.3) 

37.7 (29.3 

– 49.6) 

34.7 (29.3 

– 48.9) 

40.0 (30.8 

– 57.6) 

40.9 (28.7 

– 64.7) 

LVIDsN 1.13, 

0.99, 

1.43 

1.20 (0.87 

– 1.36) 

1.24 (1.09 

– 1.44) 

1.26 (0.99 

– 1.59) 

1.15 (0.98 

– 1.57) 

1.16 (1.08 

– 1.53) 

1.28 (1.02 

– 1.84) 

1.32 (0.97 

– 2.04) 

FS (%) 19.3, 

22.7, 

11.8 

18.1 (16.2 

– 26.9) 

17.4 (12.4 

– 18.9) 

16.2 (11.6 

– 22.0) 

17.3 (12.4 

– 21.8) 

15.3 (8.6 

– 21.4) 

14.9 (8.6 

– 24.6) 

15.8 (8.0 

– 24.0) 

LVEDV (mL) 74.1, 

79.2, 

87.0 

87.2 (63.9 

– 119.0) 

98.0 (57.7 

– 134.0) 

112.9 

(61.0 – 

175.3) 

94.7 (50.3 

– 160.3) 

107.3 

(62.0 – 

168.3) 

98.9 (65.7 

– 193.9) 

114.7 

(50.2 – 

201.7) 

LVEDVi (mL/m2) 72.8, 

79.5, 

103.6  

79.2 (64.1 

– 104.2) 

84.8 (68.7 

– 115.3)  

90.4 (70.6 

– 153.5) 

83.0 (59.9 

– 135.8) 

93.6 (73.4 

– 142.5) 

91.2 (69.1 

– 169.8) 

98.1 (58.1 

– 173.5) 

LVESV (mL) 40.3, 

42.8, 

64.0 

46.1 (21.2 

– 67.2) 

57.8 (39.0 

– 94.0) 

67.5 (46.7 

– 119.3) 

52.2 (34.7 

– 97.3) 

64.7 (47.0 

– 117.0) 

63.5 (37.7 

– 133.5) 

78.0 (31.5 

– 163.3) 
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Variable V-8 

(n = 3) 

V-7 

(n = 5) 

V-6 

(n = 6) 

V-5 

(n = 8) 

V-4 

(n = 8) 

V-3 

(n = 11) 

V-2 

(n = 18) 

V-1 

(n = 20) 

LVESVi (mL/m2) 39.6, 

43.0, 

76.2  

44.9 (40.4 

– 58.9) 

50.1 (38.6 

– 80.9) 

61.2 (46.8 

– 104.5) 

50.2 (38.7 

– 82.9) 

55.9 (46.3 

– 99.1) 

56.9 (25.3 

– 45.1) 

71.1 (36.4 

– 140.6) 

EF (%) 45.6, 

45.7, 

26.0  

43.4 (34.7 

– 49.0) 

37.7 (30.0 

– 50.7) 

36.2 (23.3 

– 41.7) 

37.0 (30.7 

– 48.8) 

36.3 (24.3 

– 48.3) 

34.7 (25.3 

– 45.1) 

29.3 (18.3 

– 39.3) 

LAAo (ratio) 1.0, 1.1, 

1.2 

1.40 (1.07 

– 1.50) 

1.22 (1.07 

– 1.50) 

1.38 (1.07 

– 1.43) 

1.28 (1.07 

– 1.43) 

1.33 (1.10 

– 1.60) 

1.30 (0.90 

– 1.80) 

1.30 (0.90 

– 1.50) 

TMF E (m/s) 0.5, 0.6, 

0.6 

0.60 (0.50 

– 1.00) 

0.62 (0.50 

– 0.83) 

0.62 (0.40 

– 0.77) 

0.57 (0.47 

– 0.77) 

0.58 (0.40 

– 0.97) 

[n = 10] 

0.60 (0.40 

– 1.30)  

[n = 17] 

0.60 (0.40 

– 1.10) 

TMF A (m/s) 0.6, 0.5, 

0.6 

0.55 (0.46 

– 0.70) 

0.55 (0.48 

– 0.83) 

0.58 (0.50 

– 0.63) 

0.57 (0.47 

– 0.63) 

0.47 (0.37 

– 0.80) 

[n = 10] 

0.50 (0.50 

– 0.90) 

[n = 17] 

0.50  

(0.40 – 

0.80) 

TMF DTE (ms) 122.4, 

123.2, 

85.7 

132.4 

(100.1 – 

163.0) 

156.6 

(121.7 – 

189.7) 

150.5 

(104.0 – 

200.7) 

136.8 

(86.3 – 

200.7) 

132.0 

(90.0 – 

180.3) 

[n = 10] 

111.3 

(86.1 – 

192.3)  

[n = 17] 

113.9 

(76.7 – 

183.3) 

IVRT (ms) 121.5, 

75.0, 

104.3 

90.7 (78.0 

– 130.7) 

97.2 (57.7 

– 134.0) 

91.7 (77.7 

– 146.5) 

91.5 (75.3 

– 105.3) 

84.7 (62.0 

– 117.7) 

86.7 (63.4 

– 104.0) 

85.9 (57.0 

– 122.6) 

TDI S’ septal (cm/s) 9.7, 11.1, 

10.1 

11.1 (8.7 – 

13.1) 

11.9 (10.2 

– 15.9) 

14.1 (6.5 – 

17.1) 

13.7 (9.8 

– 19.9) 

12.0 (9.6 

– 15.7) 

11.7 (8.6 

– 17.6) 

11.3 (8.3 

– 15.8) 
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Variable V-8 

(n = 3) 

V-7 

(n = 5) 

V-6 

(n = 6) 

V-5 

(n = 8) 

V-4 

(n = 8) 

V-3 

(n = 11) 

V-2 

(n = 18) 

V-1 

(n = 20) 

TDI E’ septal (cm/s) 6.3, 6.5, 

5.6 

7.2 (6.2 – 

10.1) 

7.5 (5.3 – 

9.0) 

8.5 (4.7 – 

12.9) 

7.3 (5.3 – 

10.0) 

7.0 (5.0 – 

13.9) 

7.5 (4.8 – 

11.6) 

7.0 (4.0 – 

12.8) 

TDI A’ septal (cm/s) 7.3, 6.0, 

7.4 

7.0  

(6.0 – 

11.8) 

7.6 (5.1 – 

9.7) 

9.0 (6.6 – 

11.5) 

6.8 (5.4 – 

9.5) 

7.4 (5.8 – 

10.7) 

8.6 (6.3 – 

11.2) 

7.8 (4.9 – 

11.8) 

TDI S’ lateral (cm/s) 9.5, 11.8, 

14.5 

15.6 (7.7 – 

17.5) 

14.8 (9.1 – 

20.7) 

16.5 (5.2 – 

21.6) 

15.9 (10.2 

– 24.8) 

13.9 (7.4 

– 20.5) 

13.4 (5.6 

– 20.3) 

13.3 (6.1 

– 18.6) 

TDI E’ lateral (cm/s) 9.3, 11.9, 

9.1 

11.8 (10.4 

– 19.4) 

12.0 (9.9 – 

17.5) 

12.4 (6.1 – 

18.3) 

12.4 (10.1 

– 14.5) 

12.2 (7.5 

– 15.3) 

11.8 (7.2 

– 16.7) 

12.1 (7.3 

– 20.7) 

TDI A’ lateral (cm/s) 11.7, 8.5, 

10.7  

11.5 (6.9 – 

13.9) 

10.8 (9.1 – 

14.1) 

9.8 (7.1 – 

14.9) 

11.1 (8.8 

– 12.4) 

10.3 (7.2 

– 12.8) 

11.0 (7.8 

– 13.9) 

9.8  

(7.4 – 

15.0) 

GLS (%) -18.0,  

-11.1,  

-13.5 

-16.9  

(-10.8 –  

-19.6) 

-14.6  

(-10.2 –  

-20.7) 

-14.3  

(-10.9 –  

-16.3)  

-13.5  

(-11.7 – 

-19.2) 

-13.6 (-9.0 

– -15.8) 

[n = 9] 

-13.6  

(-9.3 –  

-20.1) 

-12.6 (-7.9 

– -18.8)  

[n = 19] 

Longitudinal SSR (1/s) -1.79,  

-1.20,  

-0.98 

-1.44  

(-1.27 –  

-2.39) 

-1.53  

(-1.06 –  

-2.52) 

-1.27  

(-0.98 –  

-2.10) 

-1.47  

(-1.21 –  

-1.86) 

-1.26  

(-1.06 –  

-1.84) 

[n = 9] 

-1.34  

(-1.00 –  

-2.45) 

-1.22  

(-0.95 –  

-2.09) 

[n = 19] 

GRS (%) 44.4, 

12.3, 

28.0 

26.4 (9.1 – 

36.2) 

27.1 (17.5 

– 33.2) 

19.4 (16.0 

– 30.5) 

20.0 (13.1 

– 38.9) 

23.2 (13.1 

– 37.7) 

21.8 (6.3 

– 44.6) 

24.3 (4.4 

– 49.2) 

Radial SSR (1/s) 3.05, 

1.34, 

1.99  

1.98 (1.59 

– 3.34) 

2.16 (1.48 

– 3.29) 

2.27 (1.14 

– 3.02) 

1.89 (1.58 

– 3.50) 

2.19 (1.24 

– 3.29) 

2.05 (0.95 

– 3.26) 

2.01 (0.31 

– 3.60) 

Results presented as median (range). For V-8 (n = 3) individual dog results are listed. 
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Abbreviations: bpm = beats per minute; EF = ejection fraction; FS = fractional shortening; GLS = global longitudinal strain; 

GRS = global radial strain; IVRT = isovolumic relaxation time; LAAo = left atrium to aorta ratio; LVIDd = left ventricular 

internal diameter in diastole; LVIDdN = LVIDd normalized to body weight; LVIDs = left ventricular internal diameter in systole; 

LVIDsN = LVIDs normalized to body weight; LVEDV = left ventricular end diastolic volume; LVEDVi = LVEDV indexed to 

body surface area; LVESV = left ventricular end systolic volume; LVESVi = LVESV indexed to body surface area; NT-proBNP 

= N-terminal pro-B-type natriuretic peptide; SSR = systolic strain rate; TMF A = peak late diastolic transmitral flow velocity; 

TMF E = peak early diastolic transmitral flow velocity; TMF DTE = deceleration time of early diastolic transmitral flow wave; 

TDI A’ = peak late diastolic myocardial velocity by tissue Doppler imaging; TDI E’ = peak early diastolic myocardial velocity by 

tissue Doppler imaging; TDI S’ = peak systolic myocardial velocity by tissue Doppler imaging 
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Table 2.4 Univariate Cox proportional hazards models exploring the effect of different variables 

at V-1 and V-2 on time to the primary endpoint  

 

Variable HR* 95% CI p Value 

Age 0.911 0.706-1.176 0.4738 

BW 1.066 0.966-1.176 0.2034 

LAAo V-2 (per 0.1-unit 

increase) 

1.128 0.931-1.367 0.2179 

LAAo V-1 (per 0.1-unit 

increase) 

1.510 1.024-2.227 0.0378 

LVIDdN V-2 1.147 0.900-1.463 0.2674 

LVIDdN V-1 1.201 0.974-1.481 0.0865 

LVIDsN V-2 1.184 0.931-1.508 0.1691 

LVIDsN V-1 1.252 1.008-1.557 0.0425 

FS V-2 0.844 0.706-1.008 0.0617 

FS V-1 0.856 0.746-0.981 0.0254 

LVEDVi V-2 1.011 0.991-1.031 0.2994 

LVEDVi V-1 1.017 0.998-1.036 0.0858 

LVESVi V-2 1.010 0.982-1.038 0.5073 

LVESVi V-1 1.020 0.998-1.042 0.0824 

EF V-2 1.075 0.932-1.240 0.3217 

EF V-1 0.955 0.856-1.067 0.4174 

GRS V-2 0.976 0.898-1.062 0.5779 

GRS V-1 0.955 0.902-1.010 0.1066 

Radial SSR V-2 0.677 0.261-1.758 0.4230 

Radial SSR V-1 0.548 0.303-0.991 0.0466 

GLS V-2 1.013 0.828-1.241 0.8968 

GLS V-1 1.089 0.899-1.319 0.3823 

Longitudinal SSR V-2 1.725 0.246-12.091 0.5832 

Longitudinal SSR V-1 2.946 0.386-22.474 0.2974 
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Variable HR* 95% CI p Value 

NT-proBNP V-2 (per 200 

pmol/L increase) 

1.010 0.914-1.115 0.8499 

NT-proBNP V-1 (per 200 

pmol/L increase) 

1.063 0.975-1.158 0.1643 

 

Abbreviations: bpm = beats per minute; BW = body weight; CI = confidence interval; EF = 

ejection fraction; FS = fractional shortening; GLS = global longitudinal strain; GRS = global 

radial strain; HR = hazard ratio; IVRT = isovolumic relaxation time; LAAo = left atrium to aorta 

ratio; LVIDd = left ventricular internal diameter in diastole; LVIDdN = LVIDd normalized to 

body weight; LVIDs = left ventricular internal diameter in systole; LVIDsN = LVIDs normalized 

to body weight; LVEDV = left ventricular end diastolic volume; LVEDVi = LVEDV indexed to 

body surface area; LVESV = left ventricular end systolic volume; LVESVi = LVESV indexed to 

body surface area; NT-proBNP = N-terminal pro-B-type natriuretic peptide; SSR = systolic 

strain rate; TMF A = peak late diastolic transmitral flow velocity; TMF E = peak early diastolic 

transmitral flow velocity; TMF DTE = deceleration time of early diastolic transmitral flow wave; 

TDI A’ = peak late diastolic myocardial velocity by tissue Doppler imaging; TDI E’ = peak early 

diastolic myocardial velocity by tissue Doppler imaging; TDI S’ = peak systolic myocardial 

velocity by tissue Doppler imaging; V-2 = two visits prior to cardiac outcome or end of study V-1 

= visit immediately prior to cardiac outcome or end of study 

 

*All per 1-unit increase unless otherwise reported. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

92 

 

Table 2.5 Univariate Cox proportional hazards models exploring the effect of the change (Δ) in 

variable values between V-2 and V-1 on time to the primary endpoint   

 

Variable Δ (n=18) HR* 95% CI p Value 

Δ NT-proBNP (per 

200pmol/L decrease) 

0.863 0.761-0.980 0.0230 

Δ LVIDd  0.925 0.820-1.043 0.2049 

Δ LVIDs  0.928 0.819-1.053 0.2457 

Δ FS  0.988 0.855-1.142 0.8750 

Δ LAAo (per 0.1-unit 

decrease) 

1.006 0.780-1.298 0.9633 

Δ LVEDV  0.982 0.956-1.009 0.1899 

Δ LVESV  0.947 0.900-0.997 0.0375 

Δ EF  1.110 0.964-1.279 0.1460 

Δ GRS  1.074 0.997-1.156 0.0592 

Δ Radial SSR  1.652 0.881-3.099 0.1175 

Δ GLS  0.885 0.653-1.199 0.4305 

Δ Longitudinal SSR  0.225 0.011-4.767 0.3380 

 

Abbreviations: Δ = change calculated as value at V-2 - V-1; CI = confidence interval; EF = 

ejection fraction; FS = fractional shortening; GLS = global longitudinal strain; GRS = global 

radial strain; HR = hazard ratio; LAAo = left atrium to aorta ratio; LVIDd = left ventricular 

internal diameter in diastole; LVIDs = left ventricular internal diameter in systole; LVEDV = left 

ventricular end diastolic volume; LVESV = left ventricular end systolic volume; NT-proBNP = 

N-terminal pro-B-type natriuretic peptide; SSR = systolic strain rate; V-2 = two visits prior to 

cardiac outcome or end of study V-1 = visit immediately prior to cardiac outcome or end of study 

 

*All per 1-unit change unless otherwise specified.  
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Table 2.6 Multivariate Cox proportional hazards models exploring the effect of different 

variables at V-1 and V-2 on time to the primary endpoint  

 

  HR* 95% CI p Value 

Model 1 NT-proBNP V-2 (per 200-

unit increase) 

NT-proBNP V-1 (per 200-

unit increase) 

0.896 

 

1.199 

0.784-1.025 

 

1.039-1.384 

0.1086 

 

0.0128 

Model 2 FS V-2 

EF V-2 

0.833 

1.122 

0.705-0.984 

0.972-1.295 

0.0315 

0.1146 

Model 3 LVIDsN V-1 

EF V-2 

1.457 

1.144 

1.097-1.935 

0.996-1.315 

0.0093 

0.0573 

Model 4 LVESVi V-1 

EF V-2 

1.058 

1.275 

1.014-1.102 

1.047-1.553 

0.0083 

0.0158 

Model 5 LVESVi V-1 

EF V-2  

BW V-2 

1.088 

1.454 

0.822 

1.035-1.142 

1.137-1.859 

0.691-0.979 

0.0009 

0.0028 

0.0275 

 

Abbreviations: CI = confidence interval; EF = ejection fraction; FS = fractional shortening; 

HR = hazard ratio; LVIDsN = left ventricular internal dimension in systole normalized to body 

weight; LVEDV = left ventricular end diastolic volume; LVEDVi = LVEDV indexed to body 

surface area; LVESVi = left ventricular end systolic volume indexed to body surface area; NT-

proBNP = N-terminal pro-B-type natriuretic peptide; V-2 = two visits prior to cardiac outcome or 

end of study V-1 = visit immediately prior to cardiac outcome or end of study 

 

*All per 1-unit change unless otherwise specified.  
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Table 2.7 Multivariate Cox proportional hazards models exploring the effect of the change (Δ) in 

variable values between V-2 and V-1 on time to the primary endpoint   

 

  HR* 95% CI p Value 

Model 1 Δ LVEDV 

Δ LVESV  

1.038 

0.897 

0.978-1.102 

0.810-0.992 

0.2240 

0.0347 

Model 2 Δ FS  

Δ LVESV  

0.854 

0.925 

0.703-1.037 

0.874-0.979 

0.1104 

0.0067 

Model 3 Δ NT-proBNP (per 

200-unit decrease) 

Δ EF  

0.835 

 

1.191 

0.721-0.967 

 

1.008-1.407 

0.0161 

 

0.0400 

Model 4 NT-proBNP V-2 (per 

200-unit increase) 

NT-proBNP V-1 (per 

200-unit increase) 

Δ EF  

0.868 

 

1.252 

 

1.223 

0.746-1.009 

 

1.061-1.477 

 

1.021-1.465 

0.0653 

 

0.0076 

 

0.0289 

Model 5 Δ FS  

Δ LVEDV  

Δ LVESV  

0.771 

1.074 

0.803 

0.619-0.962 

1.002-1.152 

0.687-0.939 

0.0210 

0.0434 

0.0059 

 

Abbreviations: Δ = change calculated as value at V-2 - V-1; CI = confidence interval; EF = 

ejection fraction; FS = fractional shortening; HR = hazard ratio; LVEDV = left ventricular end 

diastolic volume; LVESV = left ventricular end systolic volume; LVESVi = LVESV indexed to 

body surface area; NT-proBNP = N-terminal pro-B-type natriuretic peptide; V-2 = two visits 

prior to cardiac outcome or end of study V-1 = visit immediately prior to cardiac outcome or end 

of study 
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2.7 Figures for Chapter 2 

 

 

Figure 2.1 Apical four-chamber echocardiographic image showing the region of interest for 

longitudinal strain analysis of the left ventricle separated into six segments. Lower table indicates 

the software’s assessment of tracking integrity of each segment. See text for details. 
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Figure 2.2 Right parasternal short axis echocardiographic image at the level of the papillary 

muscles showing the region of interest for radial strain analysis of the left ventricle separated 

into six segments. Lower table indicates the software’s assessment of tracking integrity of each 

segment. See text for details. 
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Figure 2.3 Serial change of N-terminal pro-B-type natriuretic peptide (NT-proBNP; pmol/L) for 

each dog by visit number. Visit -1 (V-1) is the patient’s final visit prior to outcome or end of 

study.  

Symbols by outcome for all figures: Solid line for patients who experienced cardiac outcome 

[closed circle (●) for patients who experienced sudden death, () for patients who experienced 

congestive heart failure]; dashed line for patients who were right-censored [closed triangle (▲) 

for patients who remained occult by end of study; closed square (■) for patient who experienced 

non-cardiac death]; star () for median at each visit; dotted line is reported cut-off for normal 

Doberman pinschers (735 pmol/L)] 
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Figure 2.4 N-terminal pro-B-type natriuretic peptide (NT-proBNP) over all time points in four 

Doberman pinschers that were right-censored and 16 Doberman pinschers that reached cardiac 

endpoint by the end of the study. The box represents interquartile range with the horizontal line 

inside the box representing the median. Whiskers represent and upper and lower range.   

 



 

 

99 

 

 

Figure 2.5 Serial change of global longitudinal strain (GLS; %) for each dog by visit number. 

Visit -1 (V-1) is the patient’s final visit prior to outcome or end of study.  

Symbols by outcome for all figures: Solid line for patients who experienced cardiac outcome 

[closed circle (●) for patients who experienced sudden death, () for patients who experienced 

congestive heart failure]; dashed line for patients who were right-censored [closed triangle (▲) 

for patients who remained occult by end of study; closed square (■) for patient who experienced 

non-cardiac death]; star () for median at each visit. 
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Figure 2.6 Serial change of longitudinal systolic strain rate (SSR; 1/s) for each dog by visit 

number. Visit -1 (V-1) is the patient’s final visit prior to outcome or end of study.  

Symbols by outcome for all figures: Solid line for patients who experienced cardiac outcome 

[closed circle (●) for patients who experienced sudden death, () for patients who experienced 

congestive heart failure]; dashed line for patients who were right-censored [closed triangle (▲) 

for patients who remained occult by end of study; closed square (■) for patient who experienced 

non-cardiac death]; star () for median at each visit. 
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Figure 2.7 Serial change of global radial strain (GRS; %) for each dog by visit number. Visit -1 

(V-1) is the patient’s final visit prior to outcome or end of study.  

Symbols by outcome for all figures: Solid line for patients who experienced cardiac outcome 

[closed circle (●) for patients who experienced sudden death, () for patients who experienced 

congestive heart failure]; dashed line for patients who were right-censored [closed triangle (▲) 

for patients who remained occult by end of study; closed square (■) for patient who experienced 

non-cardiac death]; star () for median at each visit. 
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Figure 2.8 Serial change of radial systolic strain rate (SSR; 1/s) for each dog by visit number. 

Visit -1 (V-1) is the patient’s final visit prior to outcome or end of study.  

Symbols by outcome for all figures: Solid line for patients who experienced cardiac outcome 

[closed circle (●) for patients who experienced sudden death, () for patients who experienced 

congestive heart failure]; dashed line for patients who were right-censored [closed triangle (▲) 

for patients who remained occult by end of study; closed square (■) for patient who experienced 

non-cardiac death]; star () for median at each visit. 
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Figure 2.9 Global longitudinal strain (GLS) (a), longitudinal systolic strain rate (SSR) (b), global 

radial strain (GRS) (c), and radial SSR (d) over all time points in 20 Doberman pinschers: four 

that were right-censored and 16 that reached cardiac endpoint by the end of the study. The box 

represents interquartile range with the horizontal line inside the box representing the median. 

Whiskers represent and upper and lower range.   
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Figure 2.10 Serial change of left ventricular end-diastolic volume (LVEDV; mL) for each dog 

by visit number, and the median for each visit. Visit -1 (V-1) is the patient’s final visit prior to 

outcome or end of study.  

Symbols by outcome for all figures: Solid line for patients who experienced cardiac outcome 

[closed circle (●) for patients who experienced sudden death, () for patients who experienced 

congestive heart failure]; dashed line for patients who were right-censored [closed triangle (▲) 

for patients who remained occult by end of study; closed square (■) for patient who experienced 

non-cardiac death]; star () for median at each visit. 
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Figure 2.11 Serial change of left ventricular end-diastolic volume indexed to body surface area 

(LVEDVi; mL/m2) for each dog by visit number, and the median for each visit. Visit -1 (V-1) is 

the patient’s final visit prior to outcome or end of study.  

Symbols by outcome for all figures: Solid line for patients who experienced cardiac outcome 

[closed circle (●) for patients who experienced sudden death, () for patients who experienced 

congestive heart failure]; dashed line for patients who were right-censored [closed triangle (▲) 

for patients who remained occult by end of study; closed square (■) for patient who experienced 

non-cardiac death]; star () for median at each visit. 
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Figure 2.12 Serial change of left ventricular end-systolic volume (LVESV; mL) for each dog by 

visit number, and the median for each visit. Visit -1 (V-1) is the patient’s final visit prior to 

outcome or end of study.  

Symbols by outcome for all figures: Solid line for patients who experienced cardiac outcome 

[closed circle (●) for patients who experienced sudden death, () for patients who experienced 

congestive heart failure]; dashed line for patients who were right-censored [closed triangle (▲) 

for patients who remained occult by end of study; closed square (■) for patient who experienced 

non-cardiac death]; star () for median at each visit. 
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Figure 2.13 Serial change of left ventricular end-systolic volume indexed to body surface area 

(LVESVi; mL/m2) for each dog by visit number, and the median for each visit. Visit -1 (V-1) is 

the patient’s final visit prior to outcome or end of study.  

Symbols by outcome for all figures: Solid line for patients who experienced cardiac outcome 

[closed circle (●) for patients who experienced sudden death, () for patients who experienced 

congestive heart failure]; dashed line for patients who were right-censored [closed triangle (▲) 

for patients who remained occult by end of study; closed square (■) for patient who experienced 

non-cardiac death]; star () for median at each visit. 
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Figure 2.14 Serial change of ejection fraction (EF; %) for each dog by visit number, and the 

median for each visit. Visit -1 (V-1) is the patient’s final visit prior to outcome or end of study.  

Symbols by outcome for all figures: Solid line for patients who experienced cardiac outcome 

[closed circle (●) for patients who experienced sudden death, () for patients who experienced 

congestive heart failure]; dashed line for patients who were right-censored [closed triangle (▲) 

for patients who remained occult by end of study; closed square (■) for patient who experienced 

non-cardiac death]; star () for median at each visit. 
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Figure 2.15 Forest plot showing the hazard ratio (●) and 95% confidence intervals (horizontal 

bar) of significant variables in the univariate analysis with time to primary endpoint (congestive 

heart failure or sudden death) as the dependent variable. ΔLVESV = change in left ventricular 

end-systolic volume between V-2 and V-1; ΔNT-proBNP = change in N-terminal pro-B-type 

natriuretic peptide value between V-2 and V-1; FS = fractional shortening; LAAo = left atrium to 

aorta ratio; LVIDsN = left ventricular internal diameter in systole normalized to body weight; V-1 

= visit immediately prior to primary endpoint or end of study; /200 = the HR is for a 200-unit 

change; x 10 = the HR is for a 0.1-unit change.   
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APPENDICES  

 
Appendix 2.1 – Medications and co-morbidities of individual dogs at the time of enrolment  

 

Dog Medications Known co-morbidities 

#1 

 

 

Pimobendan 

Benazepril 

Prednisone 

Cervical spondylomyopathy 

#2 Deracoxib Cervical spondylomyopathy 

#4 

 

Pimobendan 

Sotalol 

Levothyroxine 

Hypothyroidism 

#6 

 

Pimobendan 

Sotalol 

- 

#7 

 

Pimobendan 

Benazepril 

- 

#9 

 

Glucosamine/Chondroitin  

Vitamin E 

L-carnitine 

CoQ10 

Hawthorne extract 

Milk thistle 

Estriol 

Omega-3 fatty acids 

Urinary incontinence 

Cholelithiasis 

Osteoarthritis 

Perineal hepatoid gland adenoma  

#10 Benazepril - 

#12 Sotalol - 

#16 

 

Pimobendan 

Enalapril 

- 

#17 

 

Pimobendan 

Enalapril 

Phenylpropanolamine 

Diethylstilbestrol 

Urinary incontinence 

#18 

 

 

Pimobendan 

Benazepril 

Sotalol 

Diethylstilbestrol 

Urinary incontinence 

#20 

 

Taurine 

Carnitine 

Omega-3 fatty acids 

Coenzyme Q10 

- 
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Appendix 2.2 Time-points at which N-terminal pro-B-type Natriuretic Peptide was below 735 

pmol/L 

 

Dog Visit # NT-proBNP 

(pmol/L) 

Cardiac medications being 

administered at that visit 

Entry 

criteria 

#1 V-2 

V-1 

294 

250 

Pimobendan/ACEI 

Pimobendan/ACEI 

Echo 

#3 V-7 

V-6 

V-5 

V-4 

703 

527 

556 

428 

- 

Pimobendan/sotalol 

Pimobendan/ACEI/sotalol 

Pimobendan/ACEI/sotalol 

Echo 

#6 V-2  288 Pimobendan/sotalol Echo 

#8 V-6 

V-5 

V-4 

V-3 

338 

305 

250 

250 

Pimobendan/ACEI 

Pimobendan/ACEI 

Pimobendan/ACEI 

Pimobendan/ACEI 

Echo 

#9 V-8 

V-7 

V-6 

V-5 

V-4 

479 

428 

392 

492 

618 

- 

- 

- 

- 

- 

Holter 

#10 V-7 

V-6 

V-5 

V-4 

V-3 

250 

421 

250 

377 

458 

Pimobendan/ACEI 

Pimobendan/ACEI 

Pimobendan/ACEI 

Pimobendan/ACEI 

Pimobendan/ACEI 

Echo 

#14 V-2 

V-1 

291 

642 

- 

Pimobendan/sotalol 

Holter 

#16 V-5 

V-3 

V-2 

V-1 

250 

673 

563 

709 

Pimobendan/ACEI 

Pimobendan/ACEI 

Pimobendan/ACEI 

Pimobendan/ACEI 

Echo 

#18 V-3 467 Pimobendan/ACEI/sotalol Holter 

Abbreviations: ACEI = angiotensin converting enzyme inhibitor; Echo = echocardiography; NT-

proBNP = N-terminal pro-B-type natriuretic peptide; V-1 = visit immediately prior to cardiac 

outcome or end of study; V-2 to V-8 = two to eight visits prior to cardiac outcome or end of study 
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Appendix 2.3 – Serial trends of two-dimensional and Doppler-derived echocardiographic 

variables for each dog by visit number. 

 
 

Symbols by outcome: Solid line for patients who experienced cardiac outcome [closed circle (●) 

for patients who experienced sudden death, () for patients who experienced congestive heart 

failure]; dashed line for patients who were right-censored [closed triangle (▲) for patients who 

remained occult by end of study; closed square (■) for patient who experienced non-cardiac 

death]; star () for median value at each visit. Visit -1 (V-1) is the patient’s final visit prior to 

outcome or end of study. LVIDd = left ventricular internal diameter in diastole 
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Symbols by outcome: Solid line for patients who experienced cardiac outcome [closed circle (●) 

for patients who experienced sudden death, () for patients who experienced congestive heart 

failure]; dashed line for patients who were right-censored [closed triangle (▲) for patients who 

remained occult by end of study; closed square (■) for patient who experienced non-cardiac 

death]; star () for median value at each visit. Visit -1 (V-1) is the patient’s final visit prior to 

outcome or end of study. LVIDdN = left ventricular internal diameter in diastole normalized to 

body weight 
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Symbols by outcome: Solid line for patients who experienced cardiac outcome [closed circle (●) 

for patients who experienced sudden death, () for patients who experienced congestive heart 

failure]; dashed line for patients who were right-censored [closed triangle (▲) for patients who 

remained occult by end of study; closed square (■) for patient who experienced non-cardiac 

death]; star () for median value at each visit. Visit -1 (V-1) is the patient’s final visit prior to 

outcome or end of study. LVIDs= left ventricular internal diameter in systole 
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Symbols by outcome: Solid line for patients who experienced cardiac outcome [closed circle (●) 

for patients who experienced sudden death, () for patients who experienced congestive heart 

failure]; dashed line for patients who were right-censored [closed triangle (▲) for patients who 

remained occult by end of study; closed square (■) for patient who experienced non-cardiac 

death]; star () for median value at each visit. Visit -1 (V-1) is the patient’s final visit prior to 

outcome or end of study. LVIDsN = left ventricular internal diameter in systole normalized to 

body weight 
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Symbols by outcome: Solid line for patients who experienced cardiac outcome [closed circle (●) 

for patients who experienced sudden death, () for patients who experienced congestive heart 

failure]; dashed line for patients who were right-censored [closed triangle (▲) for patients who 

remained occult by end of study; closed square (■) for patient who experienced non-cardiac 

death]; star () for median value at each visit. Visit -1 (V-1) is the patient’s final visit prior to 

outcome or end of study. FS = fractional shortening 
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Symbols by outcome: Solid line for patients who experienced cardiac outcome [closed circle (●) 

for patients who experienced sudden death, () for patients who experienced congestive heart 

failure]; dashed line for patients who were right-censored [closed triangle (▲) for patients who 

remained occult by end of study; closed square (■) for patient who experienced non-cardiac 

death]; star () for median value at each visit. Visit -1 (V-1) is the patient’s final visit prior to 

outcome or end of study. LAAo = left atrial dimension to aortic diameter ratio 
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Symbols by outcome: Solid line for patients who experienced cardiac outcome [closed circle (●) 

for patients who experienced sudden death, () for patients who experienced congestive heart 

failure]; dashed line for patients who were right-censored [closed triangle (▲) for patients who 

remained occult by end of study; closed square (■) for patient who experienced non-cardiac 

death]; star () for median value at each visit. Visit -1 (V-1) is the patient’s final visit prior to 

outcome or end of study. TMF E = peak early diastolic transmitral flow velocity 
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Symbols by outcome: Solid line for patients who experienced cardiac outcome [closed circle (●) 

for patients who experienced sudden death, () for patients who experienced congestive heart 

failure]; dashed line for patients who were right-censored [closed triangle (▲) for patients who 

remained occult by end of study; closed square (■) for patient who experienced non-cardiac 

death]; star () for median value at each visit. Visit -1 (V-1) is the patient’s final visit prior to 

outcome or end of study. TMF A = peak late diastolic transmitral flow velocity 
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Symbols by outcome: Solid line for patients who experienced cardiac outcome [closed circle (●) 

for patients who experienced sudden death, () for patients who experienced congestive heart 

failure]; dashed line for patients who were right-censored [closed triangle (▲) for patients who 

remained occult by end of study; closed square (■) for patient who experienced non-cardiac 

death]; star () for median value at each visit. Visit -1 (V-1) is the patient’s final visit prior to 

outcome or end of study. DTE = deceleration time of early diastolic transmitral flow wave 
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Symbols by outcome: Solid line for patients who experienced cardiac outcome [closed circle (●) 

for patients who experienced sudden death, () for patients who experienced congestive heart 

failure]; dashed line for patients who were right-censored [closed triangle (▲) for patients who 

remained occult by end of study; closed square (■) for patient who experienced non-cardiac 

death]; star () for median value at each visit. Visit -1 (V-1) is the patient’s final visit prior to 

outcome or end of study. IVRT = isovolumic relaxation time 
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Symbols by outcome: Solid line for patients who experienced cardiac outcome [closed circle 

(●) for patients who experienced sudden death, () for patients who experienced congestive 

heart failure]; dashed line for patients who were right-censored [closed triangle (▲) for patients 

who remained occult by end of study; closed square (■) for patient who experienced non-cardiac 

death]; star () for median value at each visit. Visit -1 (V-1) is the patient’s final visit prior to 

outcome or end of study. S’ = peak systolic myocardial velocity by tissue Doppler imaging 
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Symbols by outcome: Solid line for patients who experienced cardiac outcome [closed circle (●) 

for patients who experienced sudden death, () for patients who experienced congestive heart 

failure]; dashed line for patients who were right-censored [closed triangle (▲) for patients who 

remained occult by end of study; closed square (■) for patient who experienced non-cardiac 

death]; star () for median value at each visit. Visit -1 (V-1) is the patient’s final visit prior to 

outcome or end of study. E’ = peak early diastolic myocardial velocity by tissue Doppler 

imaging 
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Symbols by outcome: Solid line for patients who experienced cardiac outcome [closed circle (●) 

for patients who experienced sudden death, () for patients who experienced congestive heart 

failure]; dashed line for patients who were right-censored [closed triangle (▲) for patients who 

remained occult by end of study; closed square (■) for patient who experienced non-cardiac 

death]; star () for median value at each visit. Visit -1 (V-1) is the patient’s final visit prior to 

outcome or end of study. A’ = peak late diastolic myocardial velocity by tissue Doppler imaging 
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Symbols by outcome: Solid line for patients who experienced cardiac outcome [closed circle (●) 

for patients who experienced sudden death, () for patients who experienced congestive heart 

failure]; dashed line for patients who were right-censored [closed triangle (▲) for patients who 

remained occult by end of study; closed square (■) for patient who experienced non-cardiac 

death]; star () for median value at each visit. Visit -1 (V-1) is the patient’s final visit prior to 

outcome or end of study. S’ = peak systolic myocardial velocity by tissue Doppler imaging 
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Symbols by outcome: Solid line for patients who experienced cardiac outcome [closed circle (●) 

for patients who experienced sudden death, () for patients who experienced congestive heart 

failure]; dashed line for patients who were right-censored [closed triangle (▲) for patients who 

remained occult by end of study; closed square (■) for patient who experienced non-cardiac 

death]; star () for median value at each visit. Visit -1 (V-1) is the patient’s final visit prior to 

outcome or end of study. E’ = peak early diastolic myocardial velocity by tissue Doppler 

imaging 
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Symbols by outcome: Solid line for patients who experienced cardiac outcome [closed circle (●) 

for patients who experienced sudden death, () for patients who experienced congestive heart 

failure]; dashed line for patients who were right-censored [closed triangle (▲) for patients who 

remained occult by end of study; closed square (■) for patient who experienced non-cardiac 

death]; star () for median value at each visit. Visit -1 (V-1) is the patient’s final visit prior to 

outcome or end of study. A’ = peak late diastolic myocardial velocity by tissue Doppler imaging 
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Appendix 2.4 - Correlation coefficients for all continuous variables 

 

 BW NT-proBNP* Urea Creatinine HR 

 r p rs p r p r p r p 

Age -0.291 0.213 0.056 0.819 -0.369 0.195 0.253 0.383 -0.115 0.629 

BW   0.084 0.732 -0.328 0.252 -0.033 0.910 0.266 0.257 

NT-proBNP*     0.493 0.075 0.147 0.058 -0.213 0.380 

Urea       0.129 0.661 -0.023 0.937 

Creatinine         -0.554 0.040 

 

 

 LVIDd LVIDdN LVIDs LVIDsN FS 

 r p r p r p r p r p 

Age -0.233 0.323 -0.174 0.462 -0.246 0.295 -0.194 0.413 0.227 0.335 

BW 0.511 0.021 0.188 0.427 0.420 0.065 0.114 0.631 -0.032 0.894 

NT-proBNP* 0.493 0.032 0.546 0.016 0.525 0.021 0.606 0.006 -0.498 0.030 

Urea 0.132 0.654 0.310 0.281 0.240 0.409 0.389 0.169 -0.469 0.091 

Creatinine -0.119 0.686 -0.165 0.574 -0.092 0.755 -0.123 0.676 0.027 0.928 

Heart rate 0.259 0.270 0.210 0.374 0.181 0.445 0.119 0.618 0.128 0.589 

LVIDd   0.938 <0.001 0.973 <0.001 0.885 <0.001 -0.500 0.025 

LVIDdN     0.947 <0.001 0.971 <0.001 -0.570 0.009 

LVIDs       0.948 <0.001 -0.680 0.001 

LVIDsN         -0.742 <0.001 
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 TMFE* TMFA* DTE* LAAo IVRT 

 rs p rs p rs p r p r p 

Age -0.071 0.766 -0.328 0.214 0.089 0.609 -0.415 0.069 -0.311 0.183 

BW 0.475 0.034 0.546 0.012 -0.182 0.762 0.466 0.038 -0.062 0.797 

NT-proBNP* 0.281 0.244 0.220 0.829 -0.298 0.326 0.214 0.379 0.284 0.238 

Urea 0.054 0.855 0.301 0.211 -0.458 0.091 0.311 0.280 0.520 0.056 

Creatinine -0.148 0.612 -0.025 0.633 0.218 0.362 0.008 0.979 0.115 0.695 

Heart rate 0.464 0.039 0.544 0.007 -0.207 0.360 0.284 0.225 0.124 0.603 

LVIDd 0.693 0.001 0.566 0.002 -0.137 0.557 0.799 <0.001 -0.033 0.889 

LVIDdN 0.618 0.004 0.481 0.014 -0.152 0.474 0.718 <0.001 -0.012 0.959 

LVIDs 0.644 0.002 0.537 0.004 -0.167 0.305 0.779 <0.001 -0.057 0.811 

LVIDsN 0.536 0.015 0.433 0.030 -0.258 0.254 0.677 0.001 -0.030 0.899 

FS -0.195 0.410 -0.082 0.375 0.575 0.040 -0.435 0.055 0.059 0.806 

TMFE*   0.704 <0.001 -0.349 0.111 0.367 0.111 -0.298 0.202 

TMFA*     -0.272 0.172 0.456 0.043 0.291 0.213 

DTE*       -0.049 0.837 0.102 0.668 

LAAo         0.059 0.804 
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 LVEDV* LVEDVi* LVESV LVESVi* EF 

 rs p rs p r p rs p r p 

Age -0.549 0.012 -0.559 0.010 -0.443 0.051 -0.562 0.010 0.433 0.057 

BW 0.663 0.001 0.395 0.084 0.355 0.125 0.328 0.158 0.010 0.968 

NT-proBNP* 0.295 0.221 0.309 0.198 0.340 0.154 0.326 0.173 -0.314 0.190 

Urea 0.040 0.894 0.130 0.656 0.234 0.420 0.209 0.470 -0.338 0.238 

Creatinine -0.095 0.750 -0.310 0.281 -0.100 0.733 -0.284 0.325 0.271 0.349 

Heart rate 0.092 0.700 0.139 0.560 0.136 0.567 0.071 0.767 0.129 0.589 

LVIDd 0.782 <0.001 0.687 0.001 0.801 <0.001 0.642 0.002 -0.283 0.226 

LVIDdN 0.675 0.001 0.687 0.001 0.778 <0.001 0.683 0.001 -0.358 0.121 

LVIDs 0.805 <0.001 0.711 <0.001 0.862 <0.001 0.686 0.001 -0.437 0.054 

LVIDsN 0.668 0.001 0.693 0.001 0.821 <0.001 0.758 <0.001 -0.511 0.021 

FS -0.506 0.023 -0.530 0.016 -0.687 0.001 -0.714 <0.001 0.751 <0.001 

TMFE* 0.440 0.052 0.319 0.170 0.456 0.003 0.043 0.164 -0.252 0.283 

TMFA* 0.396 0.084 0.276 0.238 0.359 0.120 0.120 0.333 -0.089 0.709 

DTE* -0.024 0.920 0.002 0.995 -0.177 0.454 0.454 0.424 0.462 0.040 

LAAo 0.878 <0.001 0.812 <0.001 0.778 <0.001 0.713 <0.001 -0.200 0.399 

IVRT 0.143 0.548 0.203 0.391 -0.05 0.833 0.144 0.544 0.059 0.804 

LVEDV*   0.932 <0.001 0.962 <0.001 0.859 <0.001 -0.541 0.014 

LVEDVi*     0.928 <0.001 0.938 <0.001 -0.591 0.006 

LVESV       0.925 <0.001 -0.647 0.002 

LVESVi*         -0.786 <0.001 
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 TDI S’ septal TDI E’ septal TDI A’ septal TDI S’ lateral TDI E’ lateral TDI A’ lateral 

 r p r p r p r p r p r p 

Age -0.157 0.507 -0.251 0.287 0.006 0.980 -0.198 0.402 -0.301 0.197 -0.367 0.112 

BW 0.061 0.799 0.618 0.004 0.630 0.003 -0.050 0.836 0.527 0.017 0.321 0.168 

NT-proBNP* -0.544 0.016 -0.066 0.789 -0.091 0.710 -0.461 0.047 -0.025 0.920 -0.145 0.554 

Urea -0.343 0.230 -0.059 0.842 -0.136 0.644 -0.073 0.804 -0.359 0.208 0.054 0.853 

Creatinine -0.318 0.268 -0.175 0.548 -0.288 0.318 -0.055 0.851 -0.058 0.844 -0.065 0.826 

Heart rate 0.334 0.149 0.464 0.039 0.393 0.086 0.093 0.697 0.145 0.543 0.133 0.576 

LVIDd -0.248 0.292 0.497 0.026 0.394 0.086 -0.012 0.959 0.531 0.016 0.288 0.217 

LVIDdN -0.307 0.187 0.323 0.164 0.220 0.351 0.003 0.989 0.377 0.101 0.209 0.378 

LVIDs -0.323 0.165 0.423 0.063 0.350 0.130 -0.041 0.863 0.412 0.071 0.210 0.375 

LVIDsN -0.384 0.095 0.241 0.307 0.178 0.452 -0.033 0.889 0.252 0.283 0.120 0.614 

FS 0.405 0.076 -0.042 0.859 -0.100 0.674 0.086 0.720 0.109 0.649 0.098 0.681 

TMFE* -0.143 0.547 0.567 0.009 0.697 0.001 -0.104 0.662 0.412 0.071 0.040 0.867 

TMFA* -0.053 0.823 0.603 0.005 0.554 0.011 -0.077 0.746 0.252 0.284 0.352 0.128 

DTE* 0.461 0.041 -0.100 0.675 -0.497 0.026 0.417 0.068 0.266 0.257 0.065 0.784 

LAAo -0.007 0.976 0.570 0.009 0.161 0.497 0.155 0.514 0.583 0.007 0.250 0.288 

IVRT -0.112 0.637 -0.159 0.503 -0.334 0.150 0.082 0.732 -0.170 0.473 0.177 0.455 

LVEDV* 0.047 0.843 0.535 0.015 0.114 0.631 0.026 0.915 0.600 0.005 0.005 0.982 

LVEDVi* 0.030 0.900 0.360 0.119 -0.050 0.835 0.066 0.782 0.487 0.029 -0.070 0.769 

LVESV -0.126 0.597 0.436 0.055 0.130 0.586 -0.114 0.633 0.358 0.121 -0.015 0.951 

LVESVi* -0.059 0.806 0.252 0.284 0.015 0.950 0.093 0.696 0.305 0.191 -0.102 0.670 

EF 0.176 0.459 0.098 0.680 0.072 0.764 0.105 0.658 0.196 0.407 0.329 0.157 

TDI S’ septal    0.460 0.041 0.076 0.751 0.287 0.219 0.278 0.236 0.006 0.980 

TDI E’ septal      0.687 0.001 0.007 0.976 0.669 0.001 0.275 0.241 

TDI A’ septal        -0.036 0.879 0.400 0.080 0.336 0.147 

TDI S’ lateral          0.216 0.361 0.424 0.062 

TDI E’ lateral           0.315 0.177 
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 GLS Longitudinal SSR* GRS Radial SSR* 

 r p rs p r p rs p 

Age 0.084 0.725 -0.232 0.324 0.070 0.769 -0.038 0.875 

BW -0.136 0.566 -0.030 0.900 -0.092 0.699 0.037 0.877 

NT-proBNP* 0.240 0.322 0.148 0.545 -0.165 0.500 -0.254 0.295 

Urea -0.209 0.474 -0.014 0.962 0.044 0.882 -0.170 0.558 

Creatinine 0.058 0.843 -0.334 0.241 -0.176 0.547 -0.330 0.248 

Heart rate -0.222 0.346 -0.146 0.539 -0.079 0.741 0.401 0.080 

LVIDd -0.118 0.621 0.003 0.990 -0.281 0.230 -0.111 0.640 

LVIDdN -0.086 0.718 0.023 0.925 -0.264 0.260 -0.147 0.535 

LVIDs -0.020 0.934 0.058 0.808 -0.346 0.136 -0.156 0.510 

LVIDsN 0.032 0.894 0.153 0.519 -0.332 0.153 -0.216 0.361 

FS -0.282 0.228 -0.532 0.016 0.418 0.067 0.509 0.022 

TMFE* -0.075 0.754 -0.003 0.990 0.091 0.703 0.209 0.375 

TMFA* -0.388 0.091 -0.256 0.277 0.077 0.748 0.354 0.125 

DTE* -0.293 0.210 -0.415 0.069 0.105 0.659 0.202 0.392 

LAAo -0.146 0.538 0.048 0.840 -0.482 0.031 -0.166 0.484 

IVRT -0.298 0.201 -0.050 0.835 0.187 0.430 0.312 0.180 

LVEDV* 0.060 0.801 0.280 0.232 -0.405 0.077 -0.185 0.435 

LVEDVi* 0.144 0.544 0.366 0.112 -0.456 0.043 -0.221 0.349 

LVESV 0.204 0.389 0.415 0.069 -0.453 0.045 -0.192 0.418 

LVESVi* 0.220 0.352 0.463 0.040 -0.383 0.095 -0.272 0.247 

EF -0.547 0.013 -0.646 0.002 0.258 0.273 0.279 0.233 

TDI S’ septal  -0.202 0.393 -0.343 0.139 0.180 0.448 0.266 0.258 

TDI E’ septal  -0.364 0.115 -0.208 0.378 0.066 0.781 0.219 0.354 

TDI A’ septal  -0.305 0.191 -0.134 0.572 0.271 0.247 0.332 0.153 

TDI S’ lateral  -0.475 0.034 -0.203 0.390 0.088 0.712 0.292 0.212 

TDI E’ lateral -0.221 0.349 -0.080 0.736 -0.058 0.808 0.156 0.510 

TDI A’ lateral -0.792 <0.001 -0.343 0.139 0.194 0.412 0.306 0.189 

GLS   0.630 0.003 -0.494 0.027 -0.676 0.001 

Longitudinal 

SSR*     -0.297 0.203 -0.300 0.198 

GRS       0.797 <0.001 

 

All values are Pearson’s correlation coefficients (r) except for those parameters marked with * 

which represent Spearman’s correlation coefficients (rs).  

 

p ≤ 0.05 for all bolded values. 
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Abbreviations: BW = body weight (kg); EF = ejection fraction (%); FS = fractional 

shortening (%); GLS = global longitudinal strain (%); GRS = global radial strain (%); IVRT = 

isovolumic relaxation time (ms); LAAo = left atrium to aorta ratio; LVIDd = left ventricular 

internal diameter in diastole (mm); LVIDdN = LVIDd normalized to body weight; LVIDs = left 

ventricular internal diameter in systole (mm); LVIDsN = LVIDs normalized to body weight; 

LVEDV = left ventricular end diastolic volume (mL); LVEDVi = LVEDV indexed to body 

surface area (mL/m2); LVESV = left ventricular end systolic volume (mL); LVESVi = LVESV 

indexed to body surface area (mL/m2); NT-proBNP = N-terminal pro-B-type natriuretic peptide; 

SSR = systolic strain rate (1/s); TMF A = peak late diastolic transmitral flow velocity (m/s); 

TMF E = peak early diastolic transmitral flow velocity (m/s); TMF DTE = deceleration time of 

early diastolic transmitral flow wave (ms); TDI A’ = peak late diastolic myocardial velocity by 

tissue Doppler imaging (cm/s); TDI E’ = peak early diastolic myocardial velocity by tissue 

Doppler imaging (cm/s); TDI S’ = peak systolic myocardial velocity by tissue Doppler imaging 

(cm/s) 
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