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ABSTRACT

Hypertrophic cardiomyopathy (HCM) is a common and potentially lethal heart disease in
cats. To reduce its prevalence, breeding cats are frequently screened on the basis of their phe-
notype or genotype. Although echocardiography is the most reliable phenotypical method, its
efficacy is limited by the incomplete penetrance of HCM and by difficulties in distinguishing pri-
mary HCM from other causes of left ventricular hypertrophy. On the other hand, genetic testing
is hampered by the genetic heterogeneity of the disease. Genetic tests are currently only available
for Maine Coons and Ragdolls. Because of the high prevalence of HCM, stringent selection may
have a negative impact on the genetic diversity of a breed. A more optimal selection would there-
fore be a slow and careful exclusion of phenotypically and/or genetically positive cats.

SAMENVATTING

Hypertrofe cardiomyopathie (HCM) is een veel voorkomende en potentieel dodelijke hartziekte bij
katten. Fokkatten worden vaak gescreend voor deze ziekte, zowel op basis van hun fenotype als van
hun genotype, om de prevalentie van deze aandoening te verminderen. Echocardiografie is de meest
betrouwbare fenotypische techniek, maar de effectiviteit ervan wordt beperkt door de onvolledige
penetrantie van HCM en het moeilijke onderscheid tussen primaire HCM en secundaire hypertrofie.
Daar tegenover staat dat het gebruik van genetische testen wordt beperkt door de genetische
heterogeniteit van de ziekte. Momenteel zijn genetische testen enkel beschikbaar voor de maine coon
en de ragdoll. Vanwege de hoge prevalentie van HCM kan strenge selectie een negatief effect hebben
op de genetische diversiteit van een ras. Geleidelijke en verstandige uitsluiting van positieve katten op
basis van zowel fenotypische als genetische testen lijkt daarom een optimalere methode van selectie.

INTRODUCTION

Hypertrophic cardiomyopathy (HCM) is the most
common heart disease in cats, affecting almost 15%
of the general population (Payne et al., 2015b). There
is a strong suspicion that feline HCM, like human
HCM, is inherited as a Mendelian disorder (Maron

and Fox, 2015). The identification of causative vari-
ants in the Maine Coon and Ragdoll breeds has led
to the development of genetic tests for these variants.
Together with polycystic kidney disease, HCM is the
feline disease, for which genetic testing is most of-
ten requested (Lyons, 2016). On the other hand, it has
become common to screen breeding cats for HCM
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phenotype by means of echocardiography (Haggstrom
et al., 2015). Both methods have their advantages, but
also serious limitations. Furthermore, considerable
controversy exists around the genetic tests available
for feline HCM, and breeders are not always aware
that these tests are only appropriate in specific breeds
(Lyons, 2012; Lyons et al., 2016). In this review, a
general overview is provided of why genetic diseas-
es occur that often in companion animals. Secondly,
the strategies for reducing the prevalence of HCM in
purebred cats and the role of genetic testing and echo-
cardiography are discussed.

GENETIC DISEASE IN COMPANION ANIMALS

Unlike human populations, populations of do-
mestic animals generally have a low level of genetic
diversity. They descent from relatively small popula-
tions that were domesticated and, more importantly,
have been divided into small, genetically isolated sub-
populations by pedigree breeding (Jolly et al., 2016).
Even in large breeds, few animals are used for breed-
ing, making these breeds somewhat similar to endan-
gered species (Traas et al., 20006).

At the moment of their creation or at some point
in their history, many breeds had a small number of
reproducing animals (a population bottleneck) or a
particularly popular sire with many descendants. Rare
variants that were present in this small group or indi-
vidual animal have then been passed on to many ani-
mals within that breed. The spread of these initially
rare variants in a population is called the founder ef-
fect (Jolly et al., 2016). When such a variant causes
disease, that particular disease can become highly
prevalent in that breed.

Breeding in a closed population with low genetic
variability can not only cause the spread of genetic
diseases in that breed, but also complicate elimination
of such diseases. If the disease-causing variant is very
common, abruptly excluding all animals that carry it
from breeding, may have severe consequences. The
genetic diversity of the breed may decrease further,
variants encoding desirable traits may be lost and oth-
er disease-causing variants may increase in frequency
(Traas et al., 2006). In the case of highly prevalent
disease, it may therefore be wise to use some animals
carrying a deleterious variant for breeding. In case
of autosomal recessive disease, carriers and even
affected animals can be safely bred with an animal
that is confirmed to be homozygous wild type by a
DNA-test (Mellersh, 2012). If the disease is inherited
in an autosomal dominant fashion, breeding hetero-
zygotes to homozygous wild type animals generates
offspring at risk for the disease. Nevertheless, such
a way of breeding may be necessary to maintain ge-
netic diversity in a breed, in which that disease has a
high prevalence. The carriers can then be replaced by
animals from the next generation that are negative for
this variant (Traas et al., 2006; Lyons, 2016).
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CLINICAL ASPECTS OF FELINE HCM

Most of the cats affected by HCM are male do-
mestic shorthairs (Fox et al., 2018). It is not known
what causes the high prevalence of HCM in domestic
shorthairs, in which selective breeding is uncommon.
If these cases are genetic, their causative variants may
have become widespread because the late onset after
breeding results in limited natural selection against
them (Payne et al., 2015b). A breed predisposition has
been suggested for several breeds, but these do not
seem to be at an increased risk compared to domestic
shorthairs (Coté et al., 2011a; Granstrom et al., 2011;
Longeri. et al., 2013). A remarkably high prevalence
or severe clinical course has however been reported
in the Sphynx (Silverman et al., 2012), Ragdoll (Lef-
bom et al., 2001; Payne et al., 2010) and Maine Coon
(Trehiou-Sechi et al., 2012), indicating that these
breeds may indeed be predisposed for HCM.

HCM is characterized by concentric hypertrophy
of the left ventricle that cannot be attributed to an-
other underlying disease. The hypertrophied ven-
tricle initially has a normal systolic function, but its
increased stiffness, delayed relaxation and narrower
lumen impair the filling during diastole. As a result of
this diastolic dysfunction, pressure in the left atrium
may rise, leading to atrial dilatation with a risk of left-
sided congestive heart failure or thrombus formation
(Coté et al., 2011a). The electrophysiological conduc-
tion system of the heart can also be disturbed in HCM,
making the heart prone to arrhythmias (Weissler-Snir
et al., 2014; Bartoszuk et al., 2019).

Cats affected by HCM are born with a normal heart
and only develop hypertrophy later in life (Kittleson
et al., 1999). The age of onset and the progression of
the hypertrophy differ widely between patients. Con-
siderable hypertrophy can develop without clinical
signs, as long as the cardiac function is adequate. In
many mildly affected cats, the disease remains in this
occult stage, leaving them free of symptoms until they
ultimately die from other causes (Trehiou-Sechi et al.,
2012). If the disease progresses to a clinical stage,
asymptomatic cats may suddenly develop life-threat-
ening complications, such as cardiogenic pulmonary
edema, pleural effusion or arterial thromboembolism.
In some cases, sudden death, likely caused by ven-
tricular fibrillation, is the only clinical sign of the
disease (Payne et al., 2015a). The incidence of lethal
cardiovascular events in asymptomatic cats diagnosed
with HCM is 6.3% per year (Fox et al., 2018).

No treatment is currently available to halt the pro-
gression of ventricular hypertrophy nor to prevent
congestive heart failure or sudden cardiac death in
cats, but prevention of arterial thromboembolism in
high-risk cats is possible with clopidogrel (Hogan et
al., 2015; Luis Fuentes and Wilkie, 2017). Treatment
of arterial thromboembolism is often unsuccessful,
while cats with congestive heart failure can have a
good quality of life with combination therapy, usually
a diuretic, platelet-inhibitor, ACE-inhibitor and some-
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times pimobendan (Reina-Doreste et al., 2014; Hogan
and Brainard, 2015).

DETECTING HCM

During the asymptomatic or “occult” stage of
HCM, affected cats appear normal to the owner or
breeder. Auscultation of these patients may reveal a
heart murmur, gallop sound or arrhythmia. None of
these findings is specific for HCM, and many affected
cats show no abnormalities on auscultation (Payne
et al., 2015b). Innocent heart murmurs are also very
common in healthy cats and can be difficult to distin-
guish from pathological murmurs (Coté et al., 2015).
Similarly, thoracic radiography and ECG may show
nonspecific abnormalities, but are often unremark-
able in cats with occult HCM (Ferasin et al., 2003).
Cardiac biomarkers, such as N-terminal pro-brain na-
triuretic peptide (NT-proBNP) and cardiac troponin
I (cTnl), are an attractive screening tool because of
their low cost and easy use. However, there is some
overlap in the concentrations of such biomarkers be-
tween healthy cats and cats with asymptomatic HCM
(Fox et al., 2011; Hertzsch et al., 2019). Further-
more, increased levels of cardiac biomarkers can also
be caused by other diseases, as has been shown for
chronic kidney disease (Porciello et al., 2008), hyper-
thyroidism (Sangster et al., 2014) and hypertension
(Bijsmans et al., 2017) in cats.

Echocardiography is considered the gold standard
for diagnosing HCM in cats. The main criterion is the
thickness of the left ventricular free wall and interven-
tricular septum. In general, an end-diastolic thickness
< 5.5 mm at the level of the papillary muscles is con-
sidered normal, a thickness > 6.0 mm is diagnostic for
HCM and measurements in between can be classified
as equivocal (Coté etal., 2011a). If wall measurements
are within the reference ranges, abnormalities of the
papillary muscles or mitral valve might still lead to a
classification as equivocal (Haggstrom et al., 2015).
A general cut-off for wall thickness does not take into
account that the normal values may differ between
breeds, as they are for example lower in Sphynxes
(Chetboul et al., 2012) than in Bengals (Scansen et
al., 2015), nor does it take into account that these
values increase with body weight (Héggstrom et al.,
2016). Another difficulty is that in affected cats, the
hypertrophy is not always generalized, but may also
be confined to certain left ventricular segments or
the papillary muscles (Fox, 2003). Finally, multiple
methods of imaging and measuring are applied in
practice. Altogether, these factors allow for consider-
able variation in classification, especially in equivocal
cases. In one study on apparently healthy shelter cats,
the prevalence of left ventricular hypertrophy ranged
from 12% to 51% depending on the chosen cut-off
(6.0 mm or 5.5 mm, respectively) and scanning mode
(M-mode or 2D B-mode, respectively) (Wagner et al.,
2010).
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Similar to feline HCM, the diagnosis of the human
HCM phenotype is based on the end-diastolic thick-
ness of the myocardial wall, which may be assessed
by echocardiography, CT or MRI. The cut-off recom-
mended by the European Society of Cardiology is 15
mm in adults, 13 mm in first-degree relatives of diag-
nosed patients and two standard deviations above the
population mean in children (Elliott et al., 2014).

Underlying diseases may cause left ventricular
hypertrophy due to hormonal influences as in hyper-
thyroidism, acromegaly and hyperaldosteronism,
or due to abnormal loading conditions as in hyper-
tension and aortic stenosis (Stowasser et al., 2005;
Coté et al., 2011a). HCM can also be mimicked by
wall thickening due to edema or infiltrative diseases,
such as myocarditis or myocardial lymphoma. Final-
ly, hypovolemic cats may display pseudohypertrophy
due to the reduced size of the left ventricular chamber
(Coteé et al., 2011a). A certain diagnosis of HCM re-
quires the exclusion of these diseases, which may be
relatively simple (e.g. measurement of blood pressure
or total thyroxine level), but can also be complicated
(e.g. in case of infiltrative disease). However, these
differential diagnoses are either rare or less likely in
cats of breeding age (Haggstrom et al., 2015). In some
cases, mainly young cats with congestive heart fail-
ure after an antecedent stressful event, concentric left
ventricular hypertrophy may spontaneously regress,
a condition named transient myocardial thickening
(TMT) (Novo Matos et al., 2018). At first presenta-
tion, it is not possible to distinguish TMT from early-
onset HCM (Novo Matos et al., 2018).

In conclusion, despite being considered the gold
standard, echocardiographic diagnosis of HCM in
cats is not straightforward. It is a diagnosis of ‘exclu-
sion’ that requires thorough knowledge of other dis-
eases causing left ventricular hypertrophy and expert
echocardiography skills. Furthermore, there is a sig-
nificant overlap in the echocardiographic phenotype
between HCM and several other feline cardiomyopa-
thies (ACVIM consensus statement on feline cardio-
myopathy, in press).

GENETIC ASPECTS OF HUMAN AND FELINE
HCM

Feline HCM shows remarkable similarities in
morphology and clinical course to human HCM, and
it is likely that these diseases also share genetic as-
pects (Maron and Fox, 2015; Freeman et al., 2017).
HCM is the most common inherited heart disease in
humans and 60% of the patients indeed have a clear
family history of HCM. In nearly all familial cases,
the disease is inherited in an autosomal dominant pat-
tern. However, HCM generally does not show full
penetrance. The penetrance is the probability that an
individual with a disease-causing genotype displays
the disease (Broeckx et al., 2017). Because the HCM
phenotype is usually not detectable at birth and only
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develops later in life, the penetrance is said to be age-
dependent. The penetrance is also incomplete, as some
people carrying a causative variant never develop the
HCM phenotype (Marian and Braunwald, 2017). The
penetrance seems to be higher in men than in women,
but the male overrepresentation is less pronounced
than in cats (Olivotto et al., 2005).

The molecular genetic basis of human HCM was
first identified in a family with a variant in MYH7,
the gene that encodes the ventricular myosin heavy
chain protein. This was soon followed by many other
variants in the same gene as well as in other genes
(Marian and Braunwald, 2017). Today, more than
1.500 variants in over fifty genes have been linked to
HCM, but for many variants and genes, the causality
has been disputed (Walsh et al., 2017; Ingles et al.,
2019). Nevertheless, a large number of variants have
been proven to cause HCM. This situation, in which a
disease is caused by many different variants, is called
genetic heterogeneity. A few HCM-causing variants
are common in a specific population, suggesting a
founder effect, but most are restricted to a few fami-
lies or a single family (Marian and Braunwald, 2017).

Definitive evidence for a role in HCM has been
provided for eight sarcomeric genes (ACTCI, MYBPC3,
MYH7, MYL2, MYL3, TNNI3 and TNNT2) (Walsh et
al., 2017; Ingles et al., 2019). In 50% of the patients
in whom a causative variant is identified, this variant
lies in MYBPC3, that codes for the myosin-binding
protein C, or MYH7, making these two genes the most
important in human HCM (Marian and Braunwald,
2017).

The identification of a causative variant in a pa-
tient allows the screening of family members for this
variant. This has led to the identification of genotype-
positive - phenotype-negative patients, who carry a
causative variant without displaying ventricular hy-
pertrophy, but who are nevertheless considered at risk
of sudden death (Maron et al., 2011). On the other
hand, no causative variant is found in a large number
of patients who display the HCM phenotype (Marian
and Braunwald, 2017). This shows that the phenotype
and genotype of HCM, and therefore the diagnostic
test based on either of them, do not fully overlap. As
in cats, human HCM shows extensive variation in the
progression and outcome of the disease. There is no
clear relationship between the causative variant and
the clinical manifestation of the disease: the same
variant may lead to sudden cardiac death at young
age in one patient, but cause no clinical signs at all
in another patient (Landstrom and Ackerman, 2010).
Although the cause of the disease is a deleterious
sarcomeric variant, variants in other genes, such as
genes of the renin-angiotensin-aldosterone system, as
well as epigenetic and environmental factors seem to
strongly modify the phenotype of a patient (Sabater-
Molina et al., 2018).

HCM has also been described as a familial dis-
ease in cats, although the documentation is far more
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limited in cats than in humans. Familial occurrences
of HCM have been reported in American Shorthairs
(Meurs et al., 1997), British Shorthairs (Putcuyps
et al.,, 2003), Maine Coons (Kittleson et al., 1999),
Norwegian Forest Cats (Mirz et al., 2015), Persians
(Martin et al., 1994) and Sphynxes (Chetboul et al.,
2012; Silverman et al., 2012), as well as Domestic
Shorthairs (Baty et al., 2001; Krauss et al., 1999; Na-
kagawa et al., 2002). Although pedigree data is often
limited, these reports are compatible with an autoso-
mal pattern of inheritance. In some cases, it has been
suggested that the penetrance is incomplete (Chetboul
et al., 2012; Mérz et al., 2015).

HCM-CAUSING VARIANTS IN CATS

The first HCM-causing variant identified in cats
was MYBPC3 c.91G>C, a change from guanine to
cytosine at the 91" coding position of the MYBPC3
gene (Meurs et al., 2005; reference sequence:
XM_019812396.1). This variant was first found in a
research colony of Maine Coons where HCM seemed
to segregate according to an autosomal dominant pat-
tern (Kittleson et al., 1999). The variant then turned
out to be present in over 30% Maine Coons around the
world (Fries et al., 2008), but to be extremely rare in
other breeds (Mary et al., 2010; Longeri et al., 2013).

In the colony where the variant was first found,
HCM developed in all homo- and heterozygotes,
though more severe in the homozygotes (Meurs et
al., 2005). However, in subsequent studies in client-
owned Maine Coons, it has been found that many
cats carrying the variant are phenotypically normal,
leading to doubts about the clinical significance of
this variant or about its proposed mode of inheritance
(Wess et al., 2010; Longeri et al., 2013).

To provide more evidence for the mode of inheri-
tance and optimal breeding advice, a meta-analysis of
five studies has been performed (Mary et al., 2010;
Wess et al., 2010; Godiksen et al., 2011; Longeri et
al., 2013; Pellegrino et al., 2017). In this meta-anal-
ysis, the penetrance of HCM was found to be 0.04 in
homozygous wild type Maine Coon cats. The pene-
trance in heterozygous cats is very similar (0.07; P
= .23), while it is much higher (0.54; P < .001) in
homozygous variant cats. These studies therefore do
not confidently show a clinical effect of the variant in
heterozygotes and suggest that if there is such an ef-
fect, it is likely to be small. An important limitation of
these studies is that most investigated cats were young
females, which may not yet have developed the HCM
phenotype. Although the actual penetrance would
probably have been higher overall if these cats had
been older, the ages of the different genotype groups
in the studies were comparable. As such, it is unlike-
ly that young age can explain why the penetrance in
heterozygotes is lower than the penetrance in homo-
zygous variant cats and similar to the penetrance in
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homozygous wild type cats. The presence of HCM in
wild type cats implies that HCM in Maine coons can
also arise due to other causes, either genetic or envi-
ronmental (Longeri et al., 2013).

A second variant in the same gene in Maine Coons,
MYBPC3 ¢.220G>A, has also been proposed to be as-
sociated with HCM in an abstract by Nyberg et al.
(2007). This variant is not specific for Maine Coons,
as it has been found in many other breeds as well as
in Domestic Shorthairs (Longeri et al., 2013). How-
ever, in subsequent studies, no convincing evidence
has been found that this variant causes HCM in cats
(Wess et al., 2010; Longeri et al., 2013).

An HCM-causing variant in Ragdolls, the MYBPC3
¢.2455C>T variant, has been identified by sequenc-
ing the MYBPC3 gene in client-owned affected cats
(Meurs et al., 2007). Again, the variant was found in
approximately 30% of the Ragdolls, but not in other
breeds (Longeri et al., 2013; Casamian-Sorrosal et
al., 2014). Fewer studies are available on this vari-
ant than on the MYBPC3 ¢.91C>G variant, but cats
carrying this variant have an increased wall thickness
than wild type cats (Borgeat et al., 2015). In a small
study population, the overall penetrance for homo-
and heterozygotes was 0.33 (Borgeat et al., 2015). In
a survey filled out by Ragdoll owners, a high risk of
cardiac death was found in cats homozygous for the
variant, while the risk in heterozygotes was not dif-
ferent from the risk in wild type cats (Borgeat et al.,
2014). The same variant has also been identified as a
cause of cardiomyopathy in humans (Ripoll Vera et
al., 2010). Some Ragdolls diagnosed with HCM are
negative for the MYBPC3 ¢.2455C>T variant, again
indicating that there are also other causes of HCM in
this breed (Borgeat et al., 2015).

A variant in MYH7, ¢.5647G>A, has recently
been identified as the cause of HCM in a Domestic
Shorthair (Schipper et al., 2019; reference sequence:
XM 006932746.4). The same variant has been iden-
tified in a HCM-affected human patient (Taisjharghi
et al.,, 2007) and a homologous variant in MYH6 is
known to cause cardiac disease in humans (Bowles
et al., 2015; Preuss et al., 2016). The variant affects
an important functional domain of the protein and has
been shown to have a damaging effect in functional
studies (Sohn et al., 1997; Viswanathan et al., 2017).
In the study that identified this variant, the variant was
absent in two hundred other cats, of which most were
considered HCM-negative. Although very little fam-
ily information was available, the cat affected by the
variant was a heterozygote and an autosomal domi-
nant pattern of inheritance seemed most likely (Schip-
per et al., 2019).

The high prevalence of the MYBPC3 c.91G>C
and ¢.2455C>T variants within the Maine Coon and
Ragdoll breeds, together with their absence in other
breeds, suggests that these variants have been spread
by the founder effect. However, the finding of variant-
negative cats with HCM makes it likely that there are
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more causative variants in these breeds and that feline
HCM, like human HCM, knows considerable genetic
heterogeneity.

SCREENING BREEDING ANIMALS FOR
DISEASE-CAUSING VARIANTS

The high prevalence of genetic diseases in pure-
bred animals has led to the development of screening
programs for breeding animals. These programs pri-
marily aim to reduce the prevalence of genetic disease
by preventing matings that may produce offspring at
risk (Meyers-Wallen, 2003). Concerns about animal
welfare, self-interest of breeders and owners and pub-
lic pressure to increase the health of purebred animals
may all be motivations to participate in screening pro-
grams (Mellersh, 2012; Jolly et al., 2016). Prioritiza-
tion of genetic diseases for screening can be based on
the prevalence and severity of the diseases (Collins et
al., 2011). Screening programs depend on diagnostic
tests that identify animals that can transmit the dis-
ease. Ideally, a diagnostic test is cheap, minimally
invasive and requires minimal time and expertise to
perform (Drobatz, 2009). The test can either be a phe-
notypical or a genetic test.

Phenotypical tests select breeding animals on the
basis of clinical features. They have the advantage
that no knowledge of the underlying genetic cause is
required. However, they cannot detect heterozygous
carriers of recessive alleles or animals that are geneti-
cally at risk but do not display the disease due to in-
complete penetrance. Another possible problem is a
late age of onset, in which case affected animals may
already have offspring at the time of diagnosis (Mel-
lersh, 2012).

Genetic tests require DNA, often isolated from
EDTA blood. By methods such as PCR, Sanger se-
quencing or restriction enzyme fragment length poly-
morphism, the disease-causing variant can be directly
detected (Jolly et al., 2016). This circumvents the
problem of incomplete penetrance; however, these
tests are only possible when the disease-causing vari-
ant i1s known. Furthermore, there should be convinc-
ing evidence that this variant indeed causes the dis-
ease. Selection against a common variant that has no
clinical significance can needlessly reduce the genetic
variability of a breed (Lyons et al., 2016).

Genetic screening against a widespread causative
variant, as in cases of a founder effect, can be very
effective in reducing the prevalence of a disease. In
cases of genetic heterogeneity, selection against a few
uncommon causative variants amongst many variants
has a far lower impact (Meyers-Wallen, 2003).

The high prevalence, risk of agonizing or lethal
complications and limited treatment options are rea-
sons to give HCM high priority among feline genetic
diseases. The age-dependent and incomplete pene-
trance can preclude (early) phenotypical detection of
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breeding animals that carry a causative variant. Echo-
cardiography, the preferred phenotypical test, requires
a high level of expertise and even experts can have
difficulties in distinguishing mildly affected animals
from normal animals (Haggstrom et al., 2015). On the
other hand, the genetic background of feline HCM
seems to be a combination of both highly prevalent,
breed-specific variants and rare variants that display
significant heterogeneity. This heterogeneity will
make genetic screening only partially effective.

Phenotypical selection could be complemented by
pedigree analyses. The HCM status of close relatives
can help to identify cats at high risk of carrying HCM-
causing variants, whose use in breeding should be
postponed until they are shown to be free of the HCM
phenotype at mature age (Haggstrom et al., 2015). The
use of pedigrees to obtain estimated breeding values,
as advocated for hip dysplasia selection, seems less
applicable, as HCM is considered a qualitative rather
than a quantitative trait (Wilson et al., 2011).

The high prevalence and potentially severe con-
sequences of HCM may also be seen as reasons for
population-wide screening of all cats. However, such
extensive efforts are only justified if a number of con-
ditions are met, including the availability of cheap di-
agnostic tests and effective treatment (Shaw, 2017).
The low availability of expert echocardiographers and
the limited treatment options for feline HCM do not
fulfill these criteria.
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RECOMMENDATIONS FOR SCREENING IN
BREEDS FOR WHICH NO GENETIC TEST IS
AVAILABLE

There are no suitable genetic tests for other breeds
than the Maine Coon and Ragdoll (Coté et al., 2011b).
For these other breeds, phenotypical screening is the
only available method of screening for HCM. This
should be based on echocardiography performed by
an experienced echocardiographer. Other methods
(e.g. thoracic radiography alone) carry a high risk of
false negatives, allowing the transmission of deleteri-
ous variants, or false positives, unnecessarily exclud-
ing healthy animals from breeding. Measurements
of cardiac biomarkers with validated assays can be
used to identify cats at an increased risk. However,
this should always be followed by an echocardiog-
raphy (in combination with ancillary diagnostic test-
ing if necessary) to confirm or exclude the diagnosis
of primary HCM. Recommended screening schemes
consist of an annual examination by an experienced
cardiologist during the period that the cat is used for
breeding and a follow-up examination at the age of
five to eight years (Haggstrom et al., 2015).

Phenotypical screening for HCM is currently per-
formed in the Siberian, Norwegian Forest Cat, British
Shorthair/Longhair, Bengal, Birman, Cornish and Da-
von Rex, Sphynx and Persian/Exotic in the PawPeds
program (www.pawpeds.com), which is the largest

Breed Maine Coon Ragdoll Other breeds
Genetic MYBPC3 MYBPC3
screening c.91C>G €.2455C5T
I I
I I I
Vi/Vt Wt/Vt Wt/Wt
v v v
Phenotype ;
screening Echocardiography
I I |
HCM + Equivocal HCM -
v v v A 4
Decision Do not use for breeding Postpone Use for
breeding breeding

Figure 1. Recommendations for screening and breeding to reduce the prevalence of HCM in cats. Vt/Vt = homozygous
for the disease-causing variant, Wt/Vt = heterozygous, Wt/Wt = homozygous wild type.
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Table 1. Currently known HCM-causing variants in cats, the breed(s) in which they occur and their application in

screening.
Variant Breed Recommended to use for screening?
MYBPC3 c.91C>G Maine Coon Yes, but only in Maine Coons
MYBPC3 ¢.220G>A Multiple breeds No, because the pathogenicity is not proven
MYBPC3 ¢.2455C>T Ragdoll Yes, but only in Ragdolls

MYH7 ¢.5647G>A Domestic Shorthair

No, because the prevalence is low

international HCM screening program (Héaggstrom et
al., 2015). However, HCM also occurs in other breeds,
of which some, such as the Chartreux and American
Shorthair, have been described as predisposed (Coté
etal., 2011b; Maron and Fox, 2015; Fox et al., 2018).
Other breeds may therefore be added to this list.

RECOMMENDATIONS FOR SCREENING IN
BREEDS FOR WHICH GENETIC TESTS ARE
AVAILABLE

Genetic testing is possible for all four variants re-
ported as causative for HCM, but this is not necessar-
ily recommended. As there is no convincing evidence
that the MYBPC3 ¢.220G>A variant causes disease,
there is a general consensus that screening for this
variant is not recommended for any breed (Wess et
al., 2010; Coété et al., 2011b; Longeri et al., 2013;
Haggstrom et al., 2015; Lyons, 2015).

The incomplete penetrance of the MYBPC3
¢.91G>C variant has made some authors to advise
against screening for this variant (Wess et al., 2010).
However, as this variant increases the risk of HCM
(especially in homozygotes), many authors recom-
mend the genetic test in Maine Coons (Coté et al.,
2011b; Longeri et al., 2013; Lyons , 2015). Less in-
formation is available on the MYBPC3 ¢.2455C>T
variant, but Borgeat et al. (2014) advise to take this
variant into account in Ragdolls because of the in-
creased risk of early cardiac death in homozygotes.
The two variants have a high prevalence within the
Maine Coon and Ragdoll breed, respectively, but
they are virtually absent in other breeds (Longeri et
al., 2013; Cassamian-Sorrosal et al., 2014). The au-
thors therefore recommend to screen for the MYBPC3
c.91G>C and ¢.2455C>T variants in Maine Coons
and Ragdolls, respectively, but not in other breeds. As
the MYH7 ¢.5647G>A variant has only been found in
a single Domestic Shorthair, the authors expect it to
be very rare and do not recommend testing for this
variant in any breed. The authors’ recommendations
for the use of genetic variants for screening against
HCM are summarized in Table 1.

Because of the occurrence of HCM in Maine Coons
and Ragdolls negative for these variants, it is possible
that other genetic factors in these breeds also contri-
bute to HCM. After selecting potential breeding cats
with genetic tests, it is therefore recommended to also

evaluate these cats by echocardiography in the same
way as cats of other breeds (Haggstrom et al., 2015).
The genetic tests allow selection against variants with
low penetrance, which are unlikely to be detected by
echocardiography, while the echocardiography may
identify animals carrying disease-causing variants,
for which no genetic test is available.

RECOMMENDATIONS FOR BREEDING

Assuming the proposed autosomal dominant pat-
tern of inheritance, it is in theory not recommended to
use Maine Coons or Ragdolls that are either hetero-
zygous or homozygous for the MYBPC3 ¢.91G>C or
¢.2455C>T variant for breeding. However, given the
high prevalence of these variants and the apparently
low penetrance in heterozygotes, it might be neces-
sary to make exceptions to this rule (Mellersh, 2012).
A rapid elimination of all cats carrying these variants
from breeding may have undesirable consequences
and therefore, a slow eradication is advised (Lyons,
2016). Given the strongly increased risk of HCM and
cardiac death in homozygotes, the authors consider
the prevention of mating that may produce homozy-
gotes while maintaining genetic variation, as the main
goal of selection on the basis of genotype.

Coté et al. (2011b) advise to retain positive cats
with desirable characteristics as breeding animals,
but under three conditions: Firstly, they should be
heterozygotes, as they pass on the variant to 50% of
their offspring (compared to 100% for homozygous
cats). Secondly, cats selected for breeding should only
be mated to cats that are negative for this variant, to
avoid homozygous kittens, which have the highest
risk to develop HCM. Thirdly, they should be nega-
tive for the HCM phenotype on echocardiography.
Testing kittens of these litters allows selection of
negative animals for future breeding (Lyons, 2016).
In this way, the prevalence of a disease-causing vari-
ant may be decreased slowly in a population without
deleterious side effects (Coté et al., 2011b).

When screening on the basis of the phenotype, af-
fected cats should be excluded from breeding. In prin-
ciple, no distinction should be made between mild
and severe cases in the context of breeding: the causa-
tive variant may be identical in these cases and the
difference could be solely due to other genetic and/
or environmental factors. As these modifying factors
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might be different in the offspring, mildly affected
cats may have severely affected offspring and vice
versa (Lyons, 2016). When findings are equivocal,
breeding can be postponed until more certainty about
the diagnosis is obtained by a re-examination after six
to twelve months (Héggstrom et al., 2015). An over-
view of recommendations for screening and breeding
is provided in Figure 1.

The proportion of cats that are diagnosed with the
HCM phenotype at breeding age is estimated rela-
tively low at 3-5%, suggesting that eliminating all
positive cats has a limited effect on genetic diver-
sity (Héggstrom et al., 2015). Nevertheless, in some
breeds where the prevalence of HCM seems high,
such as the Sphynx, stringent selection might have
negative consequences (Chetboul et al., 2012). In
such cases, it is advisable to also consider mating af-
fected animals to healthy animals. Cats that have mild
and late-onset HCM could be selected, although this
does not guarantee that these cats are not homozygous
for a HCM-causing variant.

FUTURE PERSPECTIVES

The application of genetic tests for screening
breeding cats against HCM is currently limited as
only a few variants are known to cause this apparently
heterogeneous disease. The utility of genetic testing
could be much improved by the identification of new
HCM-causing variants. The increased use of next-
generation sequencing and genome-wide association
techniques in cats may facilitate the search for such
variants (Gandolfi et al., 2018; Ontiveros et al., 2018).

If the genetic background of HCM is as hetero-
geneous in cats as it is in humans, trying to identify
and select against all causative variants is a futile
effort. Nevertheless, identifying the most common
causative variants in breeds where HCM is a major
problem may provide a tool for careful elimination of
these variants. This might already strongly reduce the
prevalence of HCM in a breed. Furthermore, because
homozygosity is most likely for a variant with a high
frequency, the elimination of common variants will
reduce the number of homozygotes, which generally
have a worse prognosis than heterozygotes. In a study
on eight DNA tests for canine recessive diseases, each
test led to a decline in the number of affected dogs as
well as a decline in the frequency of the causative al-
lele, illustrating the effectiveness of genotypical selec-
tion (Lewis and Mellersh, 2019). Casamian-Sorrosal
et al. (2014) found significantly fewer Maine Coons
homozygous for the MYBPC3 ¢.91G>C variant than
expected under Hardy-Weinberg equilibrium, but it
is not known whether this was the result of selective
breeding.

As long as most genetic causes are unknown,
echocardiography remains the principal screening
method. The effectiveness of the current echocardio-
graphic screening programs in reducing the preva-
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lence of feline HCM is not known (Héggstrom et al.,
2015). For dogs however, the effectiveness of cardiac
screening programs has been analyzed. In a study by
Birkegard et al. (2016), Cavalier King Charles Span-
iels registered in the Danish kennel club, which re-
quires that the parents are free from a relevant heart
murmur on auscultation and mitral valve prolapse on
echocardiography, had a lower risk of signs of de-
generative mitral valve disease than dogs that were
not registered. In a study of a compulsory Swedish
scheme using auscultation alone, no effect was found,
but this may be caused by the small number of dogs
and the short duration of the study (Lundin and Kvart,
2010). In a large, long-term study in the UK, a very
limited effect was found, probably because it relied
on auscultation alone and/or because screening was
not mandatory for registration and the compliance by
the breeders was low (Swift et al., 2017). Although
degenerative mitral valve disease is considered poly-
genic while HCM is monogenic, these results suggest
that phenotypical selection against acquired heart dis-
ease can be effective, but only if the diagnostic test is
adequate and the breeder compliance is high.

Because the efficacy of echocardiography is limi-
ted by the penetrance and that of genetic testing is
limited by genetic heterogeneity, one method cannot
fully replace the other. In an ideal situation, the tests
are used complementary and breeders can combine
the results to select the cats that are least likely to get
offspring at risk of HCM.

REFERENCES

Bartoszuk, U., Keene, B.W., Baron Toaldo, M., Pereira,
N., Summerfield, N., Novo Matos, J., Glaus, T.M. Holter
monitoring demonstrates that ventricular arrhythmias are
common in cats with decompensated and compensated
hypertrophic cardiomyopathy. The Veterinary Journal
243,21-25.

Baty, C.J., Malarkey, D.E., Atkins, C.E., DeFrancesco,
T.C., Sidley, J., Keene, B.W. (2001). Natural history of
hypertrophic cardiomyopathy and aortic thromboembo-
lism in a family of Domestic Shorthair cats. Journal of
Veterinary Internal Medicine 15, 595-599.

Bijsmans, E.S., Jepson, R.E., Wheeler, C., Syme, H.M.,
Elliot, J. (2014). Plasma N-terminal probrain natriuretic
peptide, vascular endothelial growth factor, and cardiac
troponin I as novel biomarkers of hypertensive discase
and target organ damage in cats. Journal of Veterinary
Internal Medicine 31, 650-660.

Birkegard, A.C., Reimann, M.J., Martinussen, T., Higg-
strom, J., Pedersen, H.D., Olsen, L.H. (2016). Breeding
restrictions decrease the prevalence of myxomatous mi-
tral valve disease in Cavalier King Charles Spaniels over
an 8- to 10-year period. Journal of Veterinary Internal
Medicine 30, 63-68.

Borgeat, K., Casamian-Sorrosal, D., Helps, C., Luis Fuen-
tes, V., Connolly, D.J. (2014). Association of the myosin
binding protein C3 mutation (MYBPC3 R820W) with
cardiac death in a survey of 236 Ragdoll cats. Journal of
Veterinary Cardiology 16, 73-80.



Vlaams Diergeneeskundig Tijdschrift, 2020, 89

Borgeat, K., Stern, J., Meurs, K.M., Luis Fuentes, V., Con-
nolly, D.J. (2015). The influence of clinical and genetic
factors on left ventricular wall thickness in Ragdoll cats.
Journal of Veterinary Cardiology 17 (Suppl. 1), 258-267.

Bowles, N.E., Jou, C.J., Arrington, C.B., Kennedy, B.J.,
Earl, A., Matsunami, N., Meyers, L.J., Etheridge, S.P.,
Saarel, E.V., Bleyl, S.B., Yost, H.J., Yandell, M., Leppert,
M.F., Tristani-Firouzi, M., Gruber, P.J., the Baylor Hop-
kins Centers for Mendelian Genomics. (2015). Exome
analysis of a family with Wolff-Parkinson-White syn-
drome identifies a novel disease locus. American Journal
of Medical Genetics 1674, 2975-2984.

Broeckx J.G., Peelman, L., Saunders J.H., Deforce, D.,
Clement, L. (2017). Using variant databases for variant
prioritization and to detect erroneous genotype-pheno-
type associations. BMC Bioinformatics 18, 535.

Casamian-Sorrosal, D., Chong, S.K., Fonfara, S., Helps, C.
(2014). Prevalence and demographics of the MYBPC3-
mutations in ragdolls and Maine coons in the British
Isles. Journal of Small Animal Practice 55, 269-273.

Chetboul, V., Petit, A., Gouni, V., Trehiou-Sechi, E., Mis-
bach, C., Balouka, D., Carlos Sampedrano, C., Pouche-
lon, J.L., Tissier, R., Abitbol, M. (2012). Prospective
echocardiographic and tissue Doppler screening of a
large Sphynx cat population: reference ranges, heart dis-
ease prevalence and genetic aspects. Journal of Veteri-
nary Cardiology 14, 497-509.

Coté, E., Edwards, N.J., Ettinger, S.J., Luis Fuentes, V.,
MacDonald, K.A., Scansen, B.A., Sisson, D.D., Abbott,
J.A. (2015). Management of incidentally detected heart
murmurs in dogs and cats. Journal of the American Vet-
erinary Medical Association 246, 1076-1088.

Coteé, E., MacDonald, K.A., Meurs, K.M., Sleeper, M.M.
(2011a). Hypertrophic Cardiomyopathy. In: Coté, E.,
MacDonald, K.A., Meurs, K.M., Sleeper, M.M. (editors).
Feline Cardiology. John Wiley & Sons, Chichester, UK,
pp. 103-143, 162-167.

Coté, E., MacDonald, K.A., Meurs, K.M., Sleeper, M.M.
(2011b). Cardiac screening programs. In: Coté, E., Mac-
Donald, K.A., Meurs, K.M., Sleeper, M.M. (editors). Fe-
line Cardiology. John Wiley & Sons, Chichester, UK, pp.
425-429.

Drobatz, K.J. (2009). Measures of accuracy and perfor-
mance of diagnostic tests. Journal of Veterinary Cardio-
logy 11, S33-S40.

Elliott, P.M., Anastasakis, A., Borger, M.A., Borggrefte,
M., Cecchi, F., Charron, P., Hagege, A.A., Lafont, A., Li-
mongelli, G., Mahrholdt, H., McKenna, W.J., Mogensen,
J., Nihoyannopoulos, P., Nistri, S., Pieper, P.G., Pieske,
B., Rapezzi, C., Rutten, F.H., Tillmanns, C., Watkins, H.
(2014). 2014 ESC Guidelines on diagnosis and manage-
ment of hypertrophic cardiomyopathy. European Heart
Journal 35,2733-2779.

Ferasin, L., Sturgess, C.P., Cannon, M.J., Caney, S.M.A.,
Gruffydd-Jones, T.J., Wotton, P.R. (2003). Feline idio-
pathic cardiomyopathy: a retrospective study of 106 cats
(1994-2001). Journal of Feline Medicine and Surgery 5,
151-159.

Fox, P.R. (2003). Hypertrophic cardiomyopathy. Clinical
and pathologic correlates. Journal of Veterinary Cardio-
logy 5, 39-45.

Fox, P.R., Keene, B.W., Lamb, K., Schober, K.A., Chet-
boul, V., Luis Fuentes, V., Wess, G., Payne, J.R., Hogan,
D.F., Motsinger-Reif, A., Haggstrom, J., Trehiou-Sechi,
E., Fine-Ferreira, D.M., Nakamura, R.K., Lee, PM.,

77

Sing, M.K., Ware, W.A., Abbott, J.A., Culshaw, G., Ri-
esen, S., Borgarelli, M., Lesser, M.B., Van Israél, N.,
Coté, E., Rush, J.E., Bulmer, B., Santilli, R.A., Vollmar,
A.C., Bossbaly, M.J., Quick, N., Bussadori, C., Bright,
J.M., Estrada, A.H., Ohad, D.G., Fernandez-Del Palacio,
M.J., Brayley, J.L., Schwartz, D.S., Bové, C.M., Gordon,
S.G., Jung, S.W., Brambilla, P., Moise, N.S., Stautham-
mer, C.D., Stepien, R.L., Quintavalla, C., Amberger, C.,
Manczur, F., Hung, Y.W., Lobetti, R., De Swarte, M.,
Tamborini, A., Mooney, C.T., Oyama, M.A., Komolov,
A., Fujii, Y., Pariaut, R., Uechi, M., Ohara, V.Y.T. (2018).
International collaborative study to assess cardiovascular
risk and evaluate long-term health in cats with preclini-
cal hypertrophic cardiomyopathy and apparently healthy
cats: the REVEAL study. Journal of Veterinary Internal
Medicine 32, 930-943.

Fox, PR., Rush, J.E., Reynolds, C.A., DeFrancesco, T.C.,
Keene, B.W., Atkins, C.E., Gordon, S.G., Schober, K.E.,
Bonagura, J.D., Stepien, R.L. et al. (2011). Multicenter
evaluation of plasma N-terminal probrain natriuretic
peptide (NT-proBNP) as a biochemical screening test for
asymptomatic (occult) cardiomyopathy in cats. Journal
of Veterinary Internal Medicine 25, 1010-1016.

Freeman, L.M., Rush, J.E., Stern, J.A., Huggins, G.S.,
Maron, M.S., (2017). Feline hypertrophic cardiomyo-
pathy: a spontaneous large animal model of human
HCM. Cardiology Research 8, 139-142.

Fries, R., Heaney, A.M., Meurs, K.M. (2008). Prevalence
of the myo-sin-binding protein C mutation in Maine
Coon cats. Journal of Veterinary Internal Medicine 22,
893-896.

Gandolfi, B., Alhaddad, H., Abdi, M., Bach, L.H., Creigh-
ton, E.K., Davis, B.W., Decker, J.E., Dodman, N.H.,
Grahn, J.C., Grahn, R.A., Haase, B., Haggstrom, J.,
Hamilton, M.J., Helps, C.R., Kurushima, J.D., Lohi, H.,
Longeri, M., Malik, R., Meurs, K.M., Montague, M.J.,
Mullikin, J.C., Murphy, W.J., Nilson, S.M., Pedersen,
N.C., Peterson, C.B., Rusbridge, C., Saif, R., Shelton,
G.D., Warren, W.C., Wasim, M., Lyons, L.A. (2018). Ap-
plications and efficiencies of the first cat 63K DNA array.
Scientific Reports 8, 7024.

Granstrom, S., Nyberg Godiksen, M.T., Christiansen, M.,
Pipper, C.B., Willesen, J.T., Koch, J. (2011) Prevalence
of hypertrophic cardiomyopathy in a cohort of British
shorthair cats in Denmark. Journal of Veterinary Internal
Medicine 25, 866-871.

Granstrom, S., Godiksen, M.T.N., Christiansen, M., Pip-
per, C.B., Martinussen, T., Magelvang, R., Sggaard, P.,
Willesen, J.L., Koch, J. (2015). Genotype-phenotype
correlation between the cardiac myosin binding protein
C mutation A31P and hypertrophic cardiomyopathy in a
cohort of Maine Coon cats: a longitudinal study. Journal
of Veterinary Cardiology 17 (Suppl. 1), 268-281.

Héaggstrom, J., Luis Fuentes, V., Wess, G. (2015). Screen-
ing for hypertrophic cardiomyopathy in cats. Journal of
Veterinary Cardiology 17 (Suppl. 1), 134-149.

Hertzsch, S., Roos, A., Wess, G. (2019). Evaluation of a
sensitive cardiac troponin I assay as a screening test for
the diagnosis of hypertrophic cardiomyopathy in cats.
Journal of Veterinary Internal Medicine 33, 1242-1250.

Hogan, D.F., Brainard, B.M. (2015). Cardiogenic embo-
lism in the cat. Journal of Veterinary Cardiology 17,
S202-S214.

Hogan, D.F., Fox, P.R., Jacob, K., Keene, B., Laste, N.J.,
Rosenthal, S., Sederquist, K., Weng, H-Y. (2015). Secon-



78

dary prevention of cardiogenic arterial thromboembo-
lism in the cat: the double-blind, randomized, positive-
controlled feline arterial thromboembolism; clopidogrel
vs. aspirin trial (FAT CAT). Journal of Veterinary Cardio-
logy 17,306-317.

Ingles, J., Goldstein, J., Thaxton, C., Caleshu, C., Corty,
E.W., Crowley, S.B., Dougherty, K., Harrison, S.M.,
McGlaughon, J., Milko, L.V., Morales, A., Seifert, B.A.,
Strande, N., Thomson, K., Van Tintelen, J.P., Wallace,
K., Walsh, R., Wells, Q., Whiffin, N., Witkowski, L.,
Semsarian, C., Ware, J.S., Hershberger, R.E., Funke, B.
(2019). Evaluating the clinical validity of hypertrophic
cardiomyopathy genes. Circulation: Genomic and Preci-
sion Medicine 12, 57-64.

Jolly, R.D., Dittmer, K.E., Blair, H.T. (2016). Animal medi-
cal genetics: a perspective on the epidemiology and con-
trol of inherited disorders. New Zealand Veterinary Jour-
nal 64, 135-144.

Kittleson, M.D., Meurs, K.M., Harris, S.P. (2015). The ge-
netic basis of hypertrophic cardiomyopathy in cats and
humans. Journal of Veterinary Cardiology 17 (Suppl. 1),
53-73.

Kittleson, M.D., Meurs, K.M., Munro, M.J., Kittleson,
J.A., Liu, S.K., Pion, P.D., Towbin, J.A. (1999). Fami-
lial hypertrophic cardiomyopathy in Maine Coon cats: an
animal model of human disease. Circulation 99, 3172-
3180.

Kraus, M.S., Calvert, C.A., Jacobs, G.J. (1999). Hypertro-
phic cardiomyopathy in a litter of five mixed-breed cats.
Journal of the American Animal Hospital Association 35,
293-296.

Landstrom, A.P., Ackerman, M.J. (2010). Mutation type is
not clinically useful in predicting prognosis in hypertro-
phic cardiomyopathy. Circulation 122, 2441-2450.

Lefbom, B.K., Rostenthal, S.L., Tyrell, W.D., Saunders,
T.G., Ferguson, M.J., Rush, J.E., Lesser M.B. (2001). Se-
vere hypertrophic cardiomyopathy in 10 young Ragdoll
cats (abstract). Journal of Veterinary Internal Medicine
15,308.

Lewis, T.W., Mellersh, C.S. (2019). Changes in mutation
frequency of eight Mendelian inherited disorders in eight
pedigree dog populations following introduction of a
commercial DNA test. PLoS One 14, €0209864.

Longeri, M., Ferrari, P., Knafelz, P., Mezzelani, A., Marabo-
tti, A., Milanesi, L., Pertica, G., Polli, M., Brambilla,
P.G., Kittleson, M., Lyons, L.A., Porciello, F. (2013).
Myosin-binding protein C DNA variants in domestic cats
(A31P, A74T, R820W) and their association with hyper-
trophic cardiomyopathy. Journal of Veterinary Internal
Medicine 27, 275-285.

Luis Fuentes, V., Wilkie, L.J. (2017). Asymptomatic hyper-
trophic cardiomyopathy: diagnosis and therapy. FVete-
rinary Clinics of North America: Small Animal Practice
47,1041-1054.

Lundin, T., Kvart, C. (2010). Evaluation of the Swedish
breeding program for Cavalier King Charles Spaniels.
Acta Veterinaria Scandinavica 52, 54.

Lyons, L.A. (2012). Genetic testing in domestic cats. Mo-
lecular and Cellular Probes 26, 224-230.

Lyons, L.A. (2016) Population structure and genetic testing
in cats. In: Little, S.E. (editor). August’s Consultations in
Feline Internal Medicine. Volume 7. Elsevier, St. Louis,
MO, USA, p. 737-751.

Lyons, L.A., Grahn, R.A., Genova, F., Beccaglia, M., Hop-
wood, J.J., Longeri, M. (2016). Mucopolysaccharidosis

Vlaams Diergeneeskundig Tijdschrift, 2020, 89

VI in cats — clarification regarding genetic testing. BMC
Veterinary Research 12, 136.

Marian, A.J., Braunwald, E. (2017). Hypertrophic cardio-
myopathy: genetics, pathogenesis, clinical manifesta-
tions, diagnosis and therapy. Circulation Research 121,
749-770.

Maron, B.J., Fox, P.R. (2015). Hypertrophic cardiomyopa-
thy in man and cats. Journal of Veterinary Cardiology 17
(Suppl. 1), 6-9.

Maron, B.J., Yeates, L., Semsarian, C. (2011). Clinical
challenges of genotype positive (+)-phenotype negative
(-) family members in hypertrophic cardiomyopathy. The
American Journal of Cardiology 107, 604-608.

Martin, L., Vandewoude, S., Boon, J., Brown, D. (1994).
Left ventricular hypertrophy in a closed colony of Per-
sian cats (abstract). Journal of Veterinary Internal Medi-
cine 8, 143.

Mary, J., Chetboul, V., Carlos Sampedrano, C., Abitbol,
M., Gouni, V., Trehiou-Sechi, E., Tissier, R., Queney,
G., Pouchelon, J.L., Thomas, A. (2010). Prevalence of
the MYBPC3-A31P mutation in a large European feline
population and association with hypertrophic cardiomy-
opathy in the Maine Coon breed. Journal of Veterinary
Cardiology 12, 155-161.

Mirz, 1., Wilkie, L.J., Harrington, N., Payne, J.R., Muzzi,
R.A.L., Héggstrom, J., Smith, K., Luis Fuentes, V.
(2015). Familial cardiomyopathy in Norwegian Forest
cats. Journal of feline Medicine and Surgery 17, 681-691.

Mellersh, C. (2012). DNA testing and domestic dogs.
Mammalian Genome 23, 109-123.

Meurs, K., Kittleson, M., Towbin, J., Ware, W. (1997). Fa-
milial systolic anterior motion of the mitral valve and/
or hypertrophic cardiomyopathy is apparently inherited
as an autosomal dominant trait in a family of american
shorthair cats (abstract). Journal of Veterinary Internal
Medicine 11, 138.

Meurs, K.M., Norgard, M.M., Ederer, M.M., Hendrix, K.P.,
Kittleson, M.D. (2007). A substitution mutation in the
myosin binding protein C gene in ragdoll hypertrophic
cardiomyopathy. Genomics 90, 261-264.

Meurs, K.M., Sanchez, X., David, R.M., Bowles, N.E.,
Towbin, J.A., Reiser, P.J., Kittleson, J.A., Munro, M.J,,
Dryburgh, K., MacDonald, K.A., Kittleson, M.D. (2005).
A cardiac myosin binding protein C mutation in the
Maine Coon cat with familial hypertrophic cardiomyopa-
thy. Human Molecular Genetics 14, 3587-3593.

Meyers-Wallen, N.V. (2003). Ethics and genetic selection
in purebred dogs. Reproduction in Domestic Animals 38,
73-76.

Nakagawa, K., Takemura, N., Machida, N., Kawamura, M.,
Amasaki, H., Hirose, H. (2002). Hypertrophic cardiomy-
opathy in a mixed breed cat family. Journal of Veterinary
Medical Science 64, 619-621.

Novo Matos, J., Pereira, N., Glaus, T., Wilkie, L., Borgeat,
K., Loureiro, J., Silva, J., Law, V., Kranje, A., Conolly,
D.J., Luis Fuentes, V. (2018). Transient myocardial
thickening in cats associated with heart failure. Journal
of Veterinary Internal Medicine 32, 48-56.

Nyberg, M.T., Koch, J., Christiansen, M. (2007). Intra-
allelic Genetic Heterogeneity of hypertrophic cardio-
myopathy in the Maine Coon cat (poster abstract). Hugo
Human Genome Meeting HGM2007, Montreal, Canada,
2007, 199.

Olivotto. J., Maron, M.S., Adabag, S., Casey, S.A., Vargui,
D., Link, M.S., Udelson, J.E., Cecchi, F., Maron, B.J.



Vlaams Diergeneeskundig Tijdschrift, 2020, 89

(2005). Gender-related differences in the clinical pre-
sentation and outcome of hypertrophic cardiomyopathy.
Journal of the American College of Cardiology 46, 480-
487.

Ontiveros, E.S., Ueda, Y., Harris, S.P., Stern, J.A., 99 Lives
Consortium (2018). Precision medicine validation: iden-
tifying the MYBPC3 A31P variant with whole-genome
sequencing in two Maine Coon cats with hypertrophic
cardiomyopathy. Journal of Feline Medicine and Surgery
21,1086-1093.

Payne, J., Luis Fuentes, V., Boswood, A., Connoly, D.,
Koffas, H., Brodbelt, D. (2010). Population characteris-
tics and survival in 127 referred cats with hypertrophic
cardiomyopathy (1997-2005). Journal of Small Animal
Practice 51, 540-547.

Payne, J.R., Borgeat, K., Brodbelt, D.C., Connolly, D.J.,
Luis Fuentes, V. (2015a). Risk factors associated with
sudden death vs. congestive heart failure or arterial
thromboembolism in cats with hypertrophic cardiomyo-
pathy. Journal of Veterinary Cardiology 17 (Suppl. 1),
318-328.

Payne, J.R., Brodbelt, D.C., Luis Fuentes, V. (2015b). Car-
diomyopathy prevalence in 780 apparently healthy cats
in rehoming centres (the CatScan study). Journal of Vete-
rinary Cardiology 17 (Suppl. 1), 244-257.

Pellegrino, A., Daniel, A.G.T., Pereira, G.G, Itikawa, H.W.,
Larsson, M.H.M.A. (2017). Assessment of regional left
ventricular systolic function by strain imaging echocar-
diography in phenotypically normal and abnormal Maine
coon cats tested for the A31P mutation in the MYBPC3
gene. Canadian Journal of Veterinary Research 81, 137-
146.

Porciello, F., Rishniw, M., Herndon, W.E., Birettoni, F.,
Antognoni, M.T., Simpson, K.W. (2008). Cardiac tropo-
nin I is elevated in dogs and cats with azotaemia renal
failure and in dogs with non-cardiac systemic disease.
Australian Veterinary Journal 86, 390-394.

Preuss, C., Capredon, M., Wiinnemann, F., Chetaille, P.,
Prince, A., Godard, B., Leclerc, S., Sobreira, N., Ling, H.
(2016). Family based whole exome sequencing reveals
the multifaceted role of notch signalling in congenital
heart disease. PLoS Genetics 12, €1006335.

Putcuyps, 1., Coopman, F., Van de Werf, G. (2003). Inher-
ited hypertrophic cardiomyopathy in British shorthair
cats (abstract). Journal of Veterinary Internal Medicine
17,439.

Reina-Doreste, Y., Stern, J.A., Keene, B.W., Tou, S.P.,, At-
kins, C.E., DeFrancesco, T.C., Ames, M.K., Hodge, T.E.,
Meurs, K.M. (2014). Case-control study of the effects of
pimobendan on survival time in cats with hypertrophic
cardiomyopathy and congestive heart failure. Journal of
the American Veterinary Association 245, 534-539.

Ripoll Vera, T., Monserrat Iglesias, L., Hermida Prieto,
M., Ortiz, M., Rodriguez Gacia, 1., Govea Callizo, N.,
Gomez Navarro, C., Rosell Andreo, J., Gadmez Martinez,
J.M., Pons Llado, G. et al. (2010). The R820W muta-
tion in the MYBPC3 gene, associated with hypertrophic
cardiomyopathy in cats, causes hypertrophic cardiomyo-
pathy and left ventricular non-compaction in humans. /n-
ternational Journal of Cardiology 145, 405-407.

Sabater-Molina, M., Pérez-Sanchez, 1., Hernandez del
Ricon, J.P., Gimeno, J.R., (2018). Genetics of hypertro-
phic cardiomyopathy: a review of current state. Clinical
Genetics 93, 3-14.

Sampedrano, C., Chetboul, V., Mary, J., Tissier, R., Abit-

79

bol, M., Serres, F., Gouni, V, Thomas, A., Pouchelon, J.L.
(2009). Prospective echocardiographic and tissue doppler
imaging screening of a population of Maine Coon cats
tested for the A31P mutation in the myosin-binding pro-
tein C gene: a specific analysis of the heterozygous status.
Journal of Veterinary Internal Medicine 23, 91-99.

Sangster, J.K., Panciera, D.L., Abott, J.A., Zimmerman,
K.C., Lantis, A.C. (2014). Cardiac biomarkers in hyper-
thyroid cats. Journal of Veterinary Internal Medicine 28,
465-472.

Schipper, T., Van Poucke, M., Sonck, L., Smets, P.,
Ducatelle, R., Broeckx, B.J.G., Peelman, L.J. (2019).
A feline orthologue of the human MYH7 ¢.5647G>A
(p-(Glu1883Lys)) variant causes hypertrophic cardiomy-
opathy in a Domestic Shorthair cat. European Journal of
Human Genetics 27, 1724-1730.

Shaw, J.E. (2017). Does the evidence support population-
wide screening for type 2 diabetes? No. Diabetologia 60,
2153-2156.

Silverman, S.J., Stern, J.A., Meurs, K.M. (2012). Hypertro-
phic cardiomyopathy in the Sphynx cat: a retrospective
evaluation of clinical presentation and heritable etiology.
Journal of Feline Medicine and Surgery 14, 246-249.

Sohn R.L., Vikstrom, K.L., Strauss, M., Cohen, C., Szent-
Gyorgyi, A.G., Leinwand, L.A. (1997). A 29 residue
region of the sarcomeric myosin rod is necessary for
filament formation. Journal of Molecular Biology 266,
317-330.

Stowasser, M., Sharman, J., Leano, R., Gordon, R.D.,
Ward, G., Cowley, D., Marwick, T.H. (2005). Evidence
for abnormal left ventricular structure and function in
normotensive individuals with familial hyperaldosteron-
ism type 1. Journal of Clinical Endocrinology & Metabo-
lism 90, 5070-5076.

Swift, S., Baldin, A., Cripps, P. (2017). Degenerative valvu-
lar disease in the Cavalier King Charles Spaniel: results
of the UK breed scheme 1991-2010. Journal of Vete-
rinary Internal Medicine 31, 9-14.

Tajsharghi, H., Oldfors, A., Macleod, D.P., Swash, M.
(2007). Homozygous mutation in MYH7 in myosin stor-
age myopathy and cardiomyopathy. Neurology 68, 962.

Traas, A.M., Casal, M., Haskins, M., Henthorn, P. (2006).
Genetic counselling in the era of molecular diagnostics.
Theriogenology 66, 599-605.

Trehiou-Sechi, E., Tissier, R., Gouni, V., Misbach, C., Petit,
A.M.P, Balouka, D., Carlos Sampedrano, C., Castaignet,
M., Pouchelon, J.-L., Chetboul, V. (2012). Comparative
echocardiographic and clinical features of hypertrophic
cardiomyopathy in 5 breeds of cats: a retrospective anal-
ysis of 344 cases (2001-2011). Journal of Veterinary In-
ternal Medicine 26, 532-541.

Viswanathan, M.C., Tham, R.C., Kronert, W.A., Sarsoza,
F., Trujillo, A.S., Cammarato, A., Bernstein S.I. (2017).
Myosin storage myopathy mutations yield defective
myosin filament assembly in vitro and disrupted myo-
fibrillar structure and function in vivo. Human Molecular
Genetics 26, 4799-4813.

Wagner, T., Luis Fuentes, V., Payne, J.R., Brodbelt, D.
(2010). Comparison of auscultatory and echocardio-
graphic findings in healthy adult cats. Journal of Veteri-
nary Cardiology 12, 171-182.

Walsh, R., Thomson, K.L., Ware, J.S., Funke, B.H., Wood-
ey, J., McGuire, K.J., Mazzarotto, F., Blair, E., Seller, A.,
Taylor, J.C., Minikel, E.V., Exome Aggregation Consor-
tium, MacArthur, D.G., Farrall, M., Cook, S.A., Watkins,



80 Vlaams Diergeneeskundig Tijdschrift, 2020, 89

H. (2017). Reassessment of Mendelian gene pathogenic- mann, K. (2010). Association of A31P and A74T poly-
ity using 7,885 cardiomyopathy cases and 60,706 refer- morphisms in the myosin binding protein C3 gene and
ence samples. Genetics in Medicine 19, 192-203. hypertrophic cardiomyopathy in Maine Coon and other
Weissler-Snir, A., Adler, A., Williams, L., Gruner, C., Ra- breed cats. Journal of Veterinary Internal Medicine 24,
kowski, H. (2017). Prevention of sudden death in hyper- 527-532.
trophic cardiomyopathy: bridging the gaps in knowledge. Wilson, B., Nicholas, F.W., Thomson, P.C. (2011). Selec-
European Heart Journal 38, 1728-1737. tion against canine hip dysplasia: success or failure? 7he
Wess, G., Schinner, C., Weber, K., Kiichenhoff, H., Hart- Veterinary Journal 189, 160-168.
#betaglucaanuitalgen  #preventiesupplementatie
S '-;#vawr\o\h%alow?nk‘!'

KEMIi-

© Kemin Industries, Inc. and its group of companies 2020 All rights reserved.
®™Trademarks of Kemin Industries, Inc., U.S.A

www.kemin.com/aleta




