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Subvalvular Aortic Stenosis: Learning From Human
and Canine Clinical Research
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Abstract

Subvalvular aortic stenosis (SAS) is the most common congenital
heart disease (CHD) in dogs and is also prevalent in human children.
A fibrous ridge below the aortic valve narrows the left ventricular
outflow tract (LVOT) and increases blood flow velocity, leading to
devastating side effects in diseased patients. Due to the similarities
in presentation, anatomy, pathophysiology, cardiac development,
genomics, and environment between humans and dogs, canine SAS
patients represent a critical translational model of human SAS. Po-
tential adverse outcomes of SAS include arrhythmias, left-sided con-
gestive heart failure, endocarditis, exercise intolerance, syncope, and
sudden cardiac death. The greatest divergence between canine and
human SAS clinical research has been the standard of care regarding
treatment of these outcomes, with pharmacological intervention dom-
inating best practices in veterinary medicine and surgical intervention
comprising the standard practice for human SAS patients. Regard-
less of the species, the field has yet to identify a treatment option to
prevent disease progression or permanently remove the fibrous ridge,
but historical leaps in SAS research support a continued translational
approach as the most promising method for achieving this goal.
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Introduction and Disease Prevalence

Subvalvular aortic stenosis (SAS), also referred to as subaortic
stenosis, is the most common canine congenital heart disease
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(CHD). SAS represents 24% of canine CHD cases, with 0.3%
of canine patients and 4.7% of canine cardiology patients af-
fected in a university teaching hospital setting [1, 2]. This ob-
structive disease of the left ventricular outflow tract (LVOT)
also occurs in human children, making it of translational im-
portance. More specifically, it is diagnosed in 0.25% of chil-
dren and comprises 6% of human CHD cases [3]. Furthermore,
approximately 3-10% of the cases of human CHD are caused
by LVOT obstruction, 8-30% of which are cases of discrete
subaortic stenosis (DSS); DSS cases also comprise 20% of
cases of LVOT obstruction that necessitate intervention [3, 4].
Other species with comparatively high respective prevalences
of SAS include pigs and cattle [5].

Dogs as Model Organisms of Human Cardiac
Disease

Dogs are a naturally occurring model of human CHDs, such
as SAS. In comparison to traditional laboratory animals, dogs,
as companion animals, occupy environments that are more
representative of and consistent with the natural environment
of humans [6]. A further benefit to studying large mammalian
animal models of heart disease, in comparison to small animal
models (such as rodents), is that they have more closely con-
served molecular mechanisms to humans [7]. Primates (such as
humans) are also phylogenetically more closely related to car-
nivores (such as dogs) than they are to rodents [8]. For these
reasons, dogs provide both an epidemiological and a genetic/
genomic advantage as a model of human heart disease. Further-
more, amongst large mammalian animals, the hearts of dogs, in
particular, are both anatomically and physiologically similar to
human hearts in a number of ways. The three cusps of the aortic
valve (left coronary, right coronary, and non-coronary, respec-
tively) have approximately identical dimensions (size, shape,
and tissue thickness) in comparison to one another in both hu-
mans and dogs, and these dimensions are also comparable be-
tween the two species. Additionally, human and canine aortic
valves are both anatomically connected to their respective mi-
tral valves via an intervalvar septum (also referred to as a mem-
branous septum), a component of the cardiac fibrous skeleton
located between the left fibrous trigone and the central fibrous
body [9, 10]. The aortic valves of other large mammalian animal
models of heart disease, such as pigs and sheep, do not have the
same degree of anatomical similarity to human aortic valves,
and sheep do not have an intervalvar (membranous) septum at
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all. The manner in which our canine companions share many
aspects of human anatomy, evolutionarily conserved genes and
molecular mechanisms, and even lifestyle makes them an all-
around beneficial model organism to aid in our understanding of
human cardiac disease and, specifically, of human aortic valve
and aortic outflow tract diseases.

This review recounts the history of the collective knowl-
edge built about SAS, and, via a comparative and translational
lens, it examines the progress made in both human and vet-
erinary medicine. Specifically, it focuses on our clinical un-
derstanding of disease etiology, pathophysiology, presentation,
and treatment of SAS in dogs and humans, as well as future
directions for areas of ongoing research and innovation.

SAS Through the Centuries

The history of aortic valve stenosis is one that spans centuries,
as well as species. The pathological process of stenosis, as as-
sociated with the aortic valve, was first described in 1663 by
Lazare Riviere, a physician who likened the lesions to both
carbuncles and hazelnuts and, building upon a Galenic theory
of valvular development, suggested that the lesions “hardened
by the heat of the heart and changed their substance” [11-13].
In fact, it is credited as the first necropsy-based description
of aortic valve pathology [11]. The earliest known record of
SAS in the cardiovascular pathology literature was published
almost two centuries later, in 1842. Norman Chevers, a physi-
cian who, through meticulous postmortem examination of the
aortic orifices and valves, noted that the “part of the ‘aortic’ or-
ifice immediately below the valves” is liable to become gener-
ally rigid and contracted from inflammatory change,” offered
the first of what would become many descriptions (and pro-
posed etiologies) of the development of fibrous tissue and the
resulting stenosis below the aortic valve [14]. A mere 2 years
later, in 1844, a congenital etiology for aortic stenosis was first
proposed, the thought being that a misshapen semilunar valve
could be tied to an abnormality in development and, therefore,
in the compositional texture of the valve [15, 16].

It was not until the turn of the following century, in 1913,
when clinical descriptions of both valvular and myocardial
disease were definitively available in the canine cardiovascu-
lar disease literature; and until 1925 and 1929, respectively,
when more comprehensive pathological details about a portion
of recognized canine cardiac diseases had been explored and
documented [17, 18]. David Detweiler, widely considered to
be the father of veterinary cardiology, was credited by his col-
leagues as the first veterinarian to promote the study of natu-
rally occurring cardiovascular diseases in dogs as a model for
analogous diseases in humans, due to the projected similarities
in etiology and pathogenesis across species [18]. In the first
half of the 20th century, it was believed that canine cardio-
vascular diseases, when considered both independently and in
aggregate, had a low prevalence in all non-senior/-geriatric life
stages and that CHDs in particular were relatively rare [17].
However, no routine methods by which to accurately screen
all patients for these diseases had been established, and only
certain patients were selected to receive thorough cardiac ex-
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aminations, so in 1948, Detweiler set out to more definitively
characterize canine cardiovascular disease (by defining the
categories of disease, as well as their respective prevalences,
natural histories, and clinical diagnostic criteria) via diligent
clinical and postmortem examinations [17]. As a result of his
study, Detweiler and his colleague, Donald Patterson, identi-
fied a higher prevalence of cardiovascular disease, distributed
more widely across age groups, than had previously been as-
sumed; the preselection criteria for cardiac examination was
limiting the observed prevalence of cardiovascular disease and
generally revealing only the most severe cases [17]. A mere 3
years later, it was estimated that cardiovascular malformations
were diagnosed in approximately 6.8 of every 1,000 patients,
per a study at a large university veterinary hospital [6].

Upon further examination, CHDs were observed to be
more common in purebred dog breeds, as opposed to mixed
breeds. SAS was found to have a higher prevalence in Box-
ers, German Shepherds, and Newfoundlands, and there were
individual families with a particularly high prevalence of the
disease, suggesting a genetic etiology, at least in part [6, 17,
19]. Donald Patterson went on to establish the field of veteri-
nary medical genetics [20].

Another giant in her own field, Helen Brooke Taussig,
a pioneer in human pediatric cardiology, was one of the first
physicians to directly mention canine SAS as a model of hu-
man SAS within human medical literature. Her research focus
was CHD, and later in her career, after having authored the
first CHD-focused textbook, Congenital Malformations of the
Heart (1947), she wrote a literature review detailing the clinical
research of CHD in the veterinary/animal literature and how it
paralleled and could benefit the goals in the clinical research
of human CHD [21, 22]. Her hypothesis that CHDs are caused
by genetic mutational events that occurred circa the existence
of the last common ancestor of all mammals was not shared by
many of her contemporaries and has not gained traction. Nev-
ertheless, her conviction that what can be learned by studying
the cardiac development of animals and the pathophysiology
of naturally occurring CHD in animals can be applied to hu-
man medical research ignited further interest in and investiga-
tion into canine SAS (among other CHDs), which continues to
this day [21, 22]. It furthered the momentum of a translational
approach to clinical SAS research.

Pathophysiology and Cardiac Development

SAS has two sister diseases, closely related in both a patho-
logical and morphological sense. In all three, an anomalous
aggregate of loosely organized fibrous tissue and subendocar-
dial cartilage (deep to the fibrous tissue) forms near or at the
location of the aortic valve [5]. In supravalvular aortic steno-
sis, the fibrous tissue forms craniodorsal to the valve in the
canine heart (superior and to the right in the human heart); in
valvular aortic stenosis (also referred to as aortic valve steno-
sis, or simply aortic stenosis), it forms at/on the valve itself;
and in SAS (by far the most common of the three in dogs),
it typically forms 2 - 5 mm caudoventral to the valve in the
canine heart (inferior and to the left in the human heart), fre-
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Figure 1. (a) A gross pathology image of the left side of a canine heart affected with SAS. The heart was incised along the long
axis of the heart, from the apex to the base (transecting the LVFW). A box surrounds the subvalvular aortic ridge. A black arrow
indicates the RCC. (b) A paired gross image and a 2D echocardiographic image (from a right parasternal long-axis five-chamber
view) of an 8-month-old Mastiff dog heart afflicted by severe SAS. In both images, you can see the white (gross pathology speci-
men) and bright (2D echocardiographic image) severe subvalvular ridge/ring of tissue indicated by the white arrow. Note that the
specimen shows a dilated and concentrically hypertrophied left ventricle in response to the pressure overload of SAS and the
volume overload of concomitant severe Al and mitral valve regurgitation. 2D: two-dimensional; AML: anterior mitral leaflet; Ao:
aorta; IVS: interventricular septum; LA: left atrium; LCC: left coronary cusp; LV: left ventricular lumen; LVFW: left ventricular free
wall; LVOT: left ventricular outflow tract; NCC: noncoronary cusp; PML: posterior mitral leaflet; RCC: right coronary cusp; SAS:

subvalvular aortic stenosis.

quently protruding 1 - 2 mm into the lumen from the endocar-
dial surface (Fig. 1) [5, 6, 23]. A mild (grade 1) presentation
involves one or more nodules (as small as 1 mm) arising from
the ventricular septum. In the case of a nodular presentation,
nodules are sometimes concurrently appreciated on the ventral
aspect of the aortic valve cusps [5, 24]. In a moderate (grade
2) presentation, a ridge/shelf/band forms an arc along a portion
of the circumference of the LVOT. The ridge(s) of fibrous tis-
sue tend(s) to extend from the base of the anterior mitral valve
leaflet, across the interventricular septum, and below the left
coronary cusp of the aortic valve [5, 6, 24]. In severe (grade 3)
cases, a ring or “collar” is fully circumscribed in the LVOT [5,
24]. In the most severe cases, one may appreciate a thickening
of the ventricular aspects of the aortic valve cusps, as well as
the anterior leaflet of the mitral valve [5, 24].

Furthermore, SAS can present as a discrete entity or with
a more elongated and diffuse morphology that appears tunnel-
like. In terms of location, the lesion could be fused to the ven-
tricular aspect of one or more cusps of the aortic valve or arise
either just below the aortic valve or adjacent to the anterior
mitral valve leaflet [3, 24]. Whether discrete or tunnel-like
in morphology, the obstruction in primary SAS is fixed (also
classified as static or resting), meaning that the fibromem-
branous obstruction is constant and does not vary over time
(throughout the course of the cardiac cycle), as it is an ana-
tomical change. This fixed obstruction is the inciting factor for
secondary pathophysiological changes, such as left ventricular
hypertrophy (LVH). This is in stark contrast to what is some-
times referred to as dynamic (or labile) SAS, in which LVOT
obstruction is secondary to a separate primary pathophysiolog-
ical process and is cardiac cycle phase-dependent. This process
could be LVH and resulting protrusion of the left ventricular
septum into the LVOT, such as in the case of hypertrophic ob-
structive cardiomyopathy (HOCM), which is also sometimes
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referred to as muscular SAS or idiopathic hypertrophic SAS
in the human medical literature. Other possibilities are sys-
tolic anterior motion (SAM) of the anterior mitral valve leaflet
(with or without LVH) or an aortoseptal angle less than 180°
[24]. Figure 2 summarizes the classifications of aortic stenosis.

All forms of the disease produce a lesion with five distinct
tissue layers, which (starting from the innermost layer that bor-
ders the LVOT lumen) are: 1) the endothelium/endocardium;
2) the glycosaminoglycans (GAGs) in the subendothelium; 3)
the fibroelastic layer with collagen bundles and elastic fibers;
4) the smooth muscle with a thickened basement membrane;
and 5) the fibrous layer with increased amounts of collagen
[3]. The numerous collagen fibers that make up the lesion are
thickened and oriented irregularly along with short, thin, elas-
tic fibers and occasional fibroblasts [25]. A canine SAS histo-
pathology sample is shown in Figure 3.

Based upon what is known about the natural history of
SAS at this time, it is classified as a congenital disease, as ca-
nine patients generally present as young puppies, though de-
bate between a congenital onset and an acquired one remains
an active point of debate within the literature. By clinical def-
inition, the disease cannot be diagnosed at birth, as patients
cannot be reliably assigned to a severity category until 6 - 12
months of age. While the semilunar valves are formed during
embryonic development from the subendocardial tubercles of
the truncus arteriosus (at approximately 31 - 35 days in hu-
man embryos), the heart continues to undergo developmental
changes in the perinatal and neonatal periods [26, 27].

Several congenital comorbidities have been noted in ca-
nine SAS patients, including valvular aortic stenosis, supra-
valvular aortic stenosis, pulmonic stenosis, patent ductus ar-
teriosus, a perimembranous ventricular septal defect, mitral
valve stenosis, mitral valve dysplasia, tricuspid valve dyspla-
sia, a bicuspid aorta, a quadricuspid aorta, aortic root hypo-

www.cardiologyres.org 321



SAS: Human and Canine Clinical Research Cardiol Res.2023;14(5):319-333

Aortic stenosis

Subcategory of Cause of LVOT Cartoon depiction of LVOT obstruction
aortic stenosis obstruction

Supravalvular Fibrous tissue

aortic stenosis forms craniodorsal
to the aortic valve
(dog) or superior
and to the right of
the aortic valve
(human)

Valvular aortic Fibrous tissue

g stenosis; aortic forms on the aortic
g valve stenosis; valve itself
) . .
5 aortic stenosis
S~
)
=
it
"
S~
bo
£
k7
(7}
<
Subvalvular Fibrous tissue Ridge Ring
’ ) Nodules
aortic stenosis; forms 2-5 mm
subaortic caudoventral to
stenosis the aortic valve
(dog) or inferior
and to the left of
the valve (human)
Hypertrophic A primary
obstructive pathophysiological
cardiomyopathy; process that is
& idiopathic cardiac cycle
§ hypertrophic phase-dependent;
:E, subvalvular SAM is a frequent
= aortic stenosis sequela, but
'.‘-: HOCM can cause
S LVOT obstruction
g in the absence of
g. SAM, and SAM can
cause LVOT
obstruction in the
absence of LVH

Figure 2. Descriptions and depictions of aortic stenosis in its many forms and the terminology pertinent to this review of subvalvu-
lar aortic stenosis. Images are two-dimensional, cross-sectional cartoon illustrations (rotated approximations of right parasternal
long-axis five-chamber view). Pathology is illustrated in the context of the human heart. Depictions in a canine heart would be
similar, with minor anatomical differences. HOCM: hypertrophic obstructive cardiomyopathy; LVH: left ventricular hypertrophy;
LVOT: left ventricular outflow tract; SAM: systolic anterior motion.
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Figure 3. A histopathology sample from a 5-year-old Boerboel with severe SAS stained by hematoxylin and eosin. The open ar-
row represents an aortic valve leaflet, the double asterisk denotes the aortic wall, the single asterisk is shown within the proximal
IVS, and the pound sign denotes the adjacent subvalvular ridge responsible for the increased LVOT pressure gradient. Note the
thickening of the aortic valve leaflet in response to turbulent blood flow. IVS: interventricular septum; LVOT: left ventricular outflow

tract; SAS: subvalvular aortic stenosis.

plasia, a persistent left cranial vena cava, a double chambered
right ventricle, and situs inversus [24, 28]. Likewise, human
SAS patients commonly present with a number of concomi-
tant congenital pathological processes, including a bicuspid
aortic valve, a ventricular septal defect, and Shone’s complex
(a collection of co-occurring conditions that often includes a
parachute mitral valve, mitral valve stenosis, a bicuspid aortic
valve, and coarctation of the aorta) [3, 29]. This supports the
hypothesis that SAS is a congenital disease.

Despite this, the earliest reported cases of canine SAS are
diagnosed 3 weeks postnatally, leading some researchers and
clinicians to classify the disease as acquired [5]. By contrast,
the fact that the disease can, at times, be diagnosed at birth (in
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human infants) or within later stages of the neonatal period (in
puppies and in infants) also serves as support for a congenital
onset [18, 30-32]. It should be noted, however, that humans are
commonly diagnosed within the first decade of life [33, 34].
A more accurate and specific description might be that SAS
is an acquired developmental heart disease with a congenital
anatomical substrate, as reported in human medical literature
[35]. Pyle et al suggested that the fibrous tissue formed due to
the proliferation from and chondrogenic potential of retained
embryonic endocardial tissue [5, 24].

More recently, Cape et al detailed the formation of the
atypical fibrous tissue that defines SAS and, in doing so, out-
lined four main components: 1) morphologic abnormalities;

www.cardiologyres.org 323



SAS: Human and Canine Clinical Research

Cardiol Res.2023;14(5):319-333

2) altered septal shear stress; 3) genetic predisposition; and
4) cellular proliferation [36]. They proposed a hypothesis in
which an anatomical lesion in the region of the LVOT, along
with a genetic predisposition, results in a disturbance to lami-
nar flow and a change in septal shear stress. This anatomical
lesion could involve an increased distance between the aor-
tic valve and the mitral valve, a reduced (steep) aortoseptal
angle, or a diminished LVOT circumference at the level of
the aortic annulus [24]. This, in turn, causes changes in the
phenotypic expression of mechanosensitive genes of endocar-
dial and endothelial cells and subsequently leads to increased
levels of both cell growth and cell division. Simultaneously,
the endothelium, injured from altered shear stress, attracts fi-
broblasts, which then differentiate into myofibroblasts, leading
to fibroproliferation and the production of fibrous tissue [35,
36]. Some have postulated that the aortoseptal angle itself or
protrusion of the interventricular septum (IVS) into the LVOT
represents the inciting lesion of SAS generation across spe-
cies. In both dogs (particularly noted in the Golden Retriever,
Boxer, and Dogue de Bordeaux breeds) and humans, an ab-
normally steep aortoseptal angle (AoSA), or a malalignment
between the aortic root and the IVS, is documented to generate
abnormally high shear stress and which could subsequently re-
sult in fibrous tissue proliferation [37-41].

As the fibrous tissue emerges below the aortic valve, the
diameter of the LVOT at the level of the fibrous tissue de-
creases. In other words, the shift in the locoregional anatomy
results in a narrowing of the LVOT [5, 25, 29, 34, 42-45]. The
obstruction to blood flow causes an increase in the aortic blood
flow velocity and left ventricular pressure overload ensues
[42]. If the pressure is elevated enough, the pressure gradient
across the aortic valve may lead to left ventricular concentric
hypertrophy, which can subsequently lead to diastolic dysfunc-
tion and mitral regurgitation. There may also be subendocar-
dial ischemia/necrosis and fibrosis due to thickened intramural
coronary arteries (which may lead to ventricular arrhythmias),
left ventricular myocardial failure, and/or left-sided heart fail-
ure. It should be noted that LVOT obstruction and coronary
arterial thickening may represent separate entities of this dis-
ease, as the ischemia and coronary vascular changes of SAS
are not proven to be in response to left ventricular (LV) pres-
sure overload alone. In fact, pressure overload models of dis-
ease do not directly recapitulate the constellation of coronary
vascular change seen across SAS patients of multiple species.
Other sequelae of SAS include post-stenotic aortic dilatation
and aortic insufficiency (Al) [5].

Symptoms, Diagnosis, and Phenotyping

The aforementioned pathology creates a number of antemor-
tem clinical signs and symptoms. Blood flow velocity across
the aortic valve increases, resulting in a pressure overload on
the left ventricle [42]. Several life-threatening effects can stem
from these inciting changes. Potential adverse outcomes of
SAS include arrhythmias, left-sided congestive heart failure,
endocarditis, exercise intolerance, syncope, and sudden death
(due to ventricular arrhythmias from the subendocardial is-
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chemic/fibrotic changes) [5, 46]. In fact, the average lifespan
of dogs with severe SAS is a mere 19 months without clinical
intervention [47]. Similarly, there is both a high morbidity rate
and a high mortality rate among children when their disease is
left untreated, but with appropriate intervention, Al is the most
prevalent adverse outcome [48].

Phenotyping a patient is performed via a thorough history,
a physical examination, and an echocardiogram. In some cases,
bloodwork, thoracic radiographs, an electrocardiogram (ECG),
and/or a 24-h ambulatory ECG (AECGQG) may be indicated.

Patients may be asymptomatic, but they may also pre-
sent with one or more of the following: dyspnea on exertion,
angina, effort syncope, presyncope, and orthopnea [25]. The
physical examination includes auscultation of the heart for any
murmurs or arrhythmias. The typical auscultatory finding in a
canine patient is a left basilar systolic heart murmur of ejection
character. In a child, the typical auscultatory finding is similar:
a low-pitched ejection systolic murmur in the second and third
left parasternal spaces, radiating to the suprasternal notch, with
an absent ejection click [25]. Other potential findings may in-
clude a palpable carotid/left parasternal thrill or a forceful left
ventricular apical impulse and a high-pitched early diastolic
murmur (if there is AI) [25].

The key feature of an echocardiographic evaluation of dogs
with SAS is an assessment of the LVOT and the stenotic region
below the aortic valve via two-dimensional (2D), M-mode, and
Doppler imaging, as described in published guidelines [43, 49].
This includes right parasternal long-axis views (to screen for a
fibrous ridge/ring of fibrous tissue in the LVOT, evaluate heart
chamber size and shape, and assess whether there is post-stenot-
ic aortic dilatation), right parasternal short-axis views (to screen
for any LVOT narrowing and/or valvular pathology by measur-
ing the diameter at the aortic valve hinge points), and subcostal
views (to quantify the maximum LVOT velocity, or aortic veloc-
ity, via continuous-wave Doppler measurement) [46]. Left api-
cal continuous wave Doppler imaging is considered an accept-
able alternative when subcostal imaging is impaired. Color flow,
pulsed wave, and continuous wave Doppler imaging techniques
are employed to gauge stenosis severity, to evaluate the presence
and magnitude of aortic regurgitation (if any), to assess myo-
cardial function, and to rule out other congenital defects [46].
The severity of a case is defined by the measured aortic velocity
and calculated pressure gradient. Although no consensus exists,
the authors utilize a generally accepted severity scale where a
patient is considered to be SAS-affected with an aortic veloc-
ity greater than 2.5 m/s. The severity levels of SAS are further
defined by the following aortic velocity cutoffs and pressure
gradients, respectively: equivocal (2 - 2.5 m/s; 16 - 24 mm Hg),
mild (2.5 - 3.5 m/s; 25 - 49 mm Hg), moderate (3.5 - 4.5 m/s;
50 - 79 mm Hg), and severe (> 4.5 m/s; > 80 mm Hg). Signifi-
cant variations on the canine echocardiography protocol in hu-
man patients include the standard use of three-dimensional (3D)
echocardiography and the use of transesophageal echocardiog-
raphy (TEE) when the patient has a particularly hypertrophied
left ventricular septum [25, 50].

Additional methods for assessing severity of SAS and at-
tempting to accurately predict its severity are reported in dogs.
One of these methods is the measurement of AoSA. An abnor-
mally steep (low) AoSA, indicating aortoseptal malalignment,
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has been associated with SAS. One study in Golden Retrievers
concluded that while a steep AoSA is not likely to be a reli-
able single diagnostic for the presence of SAS, it can be a use-
ful contributing factor to the diagnosis and can predict SAS.
Some dogs diagnosed with SAS have an abnormally steep
AoSA consistent with SAS that is measurable earlier in life
than an abnormally high LVOT velocity consistent with SAS
[37]. One study in Boxers supports this, concluding that the
AoSA of Boxers affected with SAS is, on average, 10° low-
er than that of Boxers unaffected with SAS [40]. Another of
these methods is the measurement of the effective orifice area
(EOA), or the area of the cross-section at the narrowest portion
of the stenotic jet (the vena contracta). It is approximately 15-
20% smaller than the area of the stenotic lesion measured by
2D echocardiographic planimetry and has the advantage of not
being flow-dependent, unlike peak and mean pressure gradient
measurements. This method aids in predicting disease sever-
ity. Unaffected dogs tend to have an indexed EOA (an EOA
indexed to body surface area, or BSA) of > 1.25 cm?/m?. Dogs
with SAS have significantly smaller EOAs than those of both
unaffected adult dogs and unaffected puppies [51, 52].

In human patients, a stenotic aortic valve is also diagnosed
echocardiographically and is based on the quantification of
the following three hemodynamic parameters: peak jet veloc-
ity (determined via continuous-wave Doppler measurement),
mean transvalvular pressure gradient, and EOA indexed to
BSA [51, 53-57]. When considering the entire stenotic area,
the cross-section known as the EOA has the smallest area. Se-
vere aortic stenosis is defined by a peak velocity > 4 m/s, a
mean pressure gradient > 40 mm Hg, and/or an EOA < 1 cm?
[53, 54, 57]. ECG results may reveal a prominent Q wave (sep-
tal hypertrophy), and radiographs frequently reveal mild car-
diomegaly characterized by LVH [25]. Uncommonly, cardiac
catheterization is also indicated. It is not utilized to diagnose
SAS in and of itself, but the hemodynamic and anatomical
evaluation can be particularly helpful in cases where there is
thought to be obstruction at multiple levels and as a component
of a preoperative workup to rule out and/or characterize con-
comitant coronary artery disease [25].

Clinical Treatment

The treatment of SAS in human and canine patients diverged
almost immediately after the identification and recognition
of canine SAS within the veterinary medical field - not pri-
marily due to differences in pathology, as one might expect,
but, rather, due to differences in anatomy, risks and potential
complications, and prioritized treatment outcomes. As a result,
humans are generally treated surgically, whereas dogs are gen-
erally treated medically.

Aortic balloon valvuloplasty, a minimally invasive inter-
ventional option that aims to widen the LVOT via the insertion
of an expandable balloon catheter, has been explored in hopes
of improving patients’ prognosis. However, in canine SAS pa-
tients, the median survival time (MST) with aortic balloon val-
vuloplasty (55 months) is not significantly different than that
with medical management with atenolol (56 months), so this
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treatment option does not reliably increase patient lifespan [47,
58]. There are reports of cutting balloon valvuloplasty (CBV)
combined with high pressure balloon valvuloplasty (HPBV)
in the literature, though the long-term clinical benefit, if any,
has yet to be determined [59]. Other studies cite the interven-
tion as an option for palliative care [60]. In human patients,
percutaneous balloon dilation has been reported occasionally,
but results are variable and unreliable, and the procedure is
therefore not recommended in these patients. One case report
noted a negligible pressure gradient across the aortic valve
post-dilation, but it increased sharply after just 12 h [61]. Other
possible complications include mitral chord rupture or papil-
lary muscle rupture with secondary mitral regurgitation or pul-
monary edema [61]. Balloon valvuloplasty of valvular aortic
stenosis in human patients was first reported in 1983 and has
since become common practice in the treatment of this related
disease [15]. However, neither species responds to balloon val-
vuloplasty as a method of treatment for SAS, in contrast to
other forms of congenital valvular stenosis.

Therefore, the current most commonly employed treatment
for SAS in dogs is pharmacological. A beta-adrenergic blocker
serves to lower a patient’s heart rate and increase myocardial
perfusion; atenolol, which is cardio-selective, tends to be the
beta-blocker of choice [42, 62-64]. Treatment is generally se-
lected for dogs with moderate to severe forms of SAS, as mild
cases do not often exhibit symptom development or significant
lifespan alterations. While balloon valvuloplasty vs. atenolol
therapy performed similarly in outcomes assessment for dogs
in one clinical trial [58]; a subsequent retrospective study failed
to identify a treatment benefit in dogs with SAS receiving at-
enolol, however, the reliability of retrospective data to answer
such a question is questionable [63]. In human medical prac-
tice, antihypertensive treatment with beta-blockers is uncom-
mon in patients with severe aortic outflow tract obstructions,
as it can commonly result in left ventricular dysfunction and
hemodynamic compromise [65]. However, these results are not
commonly reported after administration in canine patients, due
to physiological differences between humans and dogs, making
atenolol a viable treatment option for this species.

A retrospective study has generated some renewed discus-
sion regarding the effectiveness of beta-blockers in these pa-
tients, as this study identified no significant survival benefit.
However, given its retrospective nature, one could also argue
that their lack of difference in survival time between a group
of patients with beta-blocker intervention and a control group
without the intervention was due to strategic treatment decisions
on the part of the treating clinicians (i.e., clinicians may be more
prone to withhold or prescribe in the presence of varied disease
severity manifestations) [63]. Ultimately, clinicians and re-
searchers have yet to identify a clinical intervention that would
alleviate a patient’s stenosis or reverse cardiac remodeling.

However, for human SAS patients, medical treatment
alone is not the standard of care. While many patients are start-
ed on anti-arrhythmics and cardioprotective therapies, such as
beta-blockers, the treatment options carried out in human pa-
tients are very different compared to those offered in canine
patients. In human patients, the preferred treatment option is
surgical repair, involving a resection of the fibrous tissue with
the added possibility of a myectomy and a Konno aortoven-
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triculoplasty procedure [25, 34, 66].

Surgical intervention is indicated for approximately two-
thirds of human SAS patients [66]. American College of Car-
diology/American Heart Association (ACC/AHA) guidelines
dictate that surgical intervention is appropriate and indicated
for patients with a peak instantaneous echocardiographic gra-
dient greater than 50 mm Hg, a mean gradient greater than 30
mm Hg, or a catheter measurement of the resting peak-to-peak
gradient greater than 50 mm Hg [3, 67]. Surgery is further in-
dicated for patients with significant obstruction and for those
with a lower pressure gradient secondary to left ventricular
systolic dysfunction due to myocardial remodeling [33].

There have been brief ventures into the medical/pharma-
cological realm to treat human patients with SAS, but only
transiently. Ouabain, a cardiac glycoside, was researched in
the 1960s as a potential treatment for patients with various
forms of aortic stenosis (valvular, subvalvular, and supraval-
vular) and HOCM. Six patients with aortic stenosis were ad-
ministered ouabain intravenously via catheterization of the left
ventricle. While the increase in myocardial contractility was
promising, the lack of significant reduction in end-diastolic
pressure made it a poor candidate for the treatment of any form
of aortic valve stenosis [68]. The next decade saw the proposi-
tion of another medical/pharmacological intervention that was
equally short-lived. Propranolol, administered orally to 17 pa-
tients with discrete SAS, was found to reduce the intensifica-
tion of the pressure gradient experienced by SAS patients but
was ultimately rejected due to its mere short-acting benefit,
eventually overtaken by disease progression [69]. Therein lies
the crux of the contrasting methodologies between the treat-
ment of human SAS and that of canine SAS.

Open-heart surgery is seldom performed in dogs, as this
intervention is fraught with many challenges irrelevant (or un-
commonly relevant) to human SAS intervention and is therefore
offered sparsely at a limited number of institutions throughout
the world - and, even then, generally only for the treatment of a
limited number of diseases. A surgical approach via an aortoto-
my has been occasionally reported in canine SAS patients, but it
has been difficult to simultaneously achieve complete obstruc-
tional relief while preventing recurrence, aortic and mitral valve
damage, and heart block [70-78]. Additionally, there is poor ex-
posure to the LVOT in dogs via the transaortic approach, and the
more fibrocartilaginous nature of the ridge/ring in dogs (com-
pared to the more membranous ridge/ring in humans) is more
difficult to resect. An aortotomy also has a high risk of aortic
damage [70, 72]. Lastly, and perhaps most importantly, research
suggests that the correction of SAS via a transaortic approach
does not significantly improve patient lifespan in comparison
to the much less invasive pharmacological intervention route,
much like aortic balloon valvuloplasty [70, 73, 75]. A modified
Konno procedure, including removal of the septal LVOT via a
right ventriculotomy, was performed in a case study. The pa-
tient’s transaortic pressure gradient decreased from 240 mm Hg
preoperatively to 40 mm Hg 2 years postoperatively, at which
time the patient was reported to have a good quality of life, as
well as LVH regression. However, a larger study that provides
data about typical long-term effects is lacking [70].

In recent years, treatment of human aortic stenosis patients
with beta-blockers is gaining some level of support, although it
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is discouraged by the ACC/AHA/American Society of Hyper-
tension (ASH) hypertension guidelines. Specifically, it is con-
traindicated for patients with chronic Al receive beta-blocker
therapy due to the possibility of an increased diastolic filling
period, leading to an increase in the severity of valve regurgita-
tion, though this remains a theoretical premise. A retrospective
study of 113 patients with severe aortic stenosis revealed that
administration of a beta-blocker was associated with a 62%
decrease in all-cause mortality [65, 79]. A separate study of 75
patients with moderate to severe Al cited no significant effect
of metoprolol, a beta-blocker, on left ventricular volume [65,
80]. Finally, metoprolol has been found to decrease heart rate,
aortic valve peak and mean pressure gradients, valvuloarterial
impedance, and myocardial oxygen consumption [65]. There-
fore, the safety and efficacy of beta-blockers in the treatment
of human SAS is being critically re-evaluated.

There is a high recurrence rate after initial surgical relief
(estimated to be 6-30% for human patients), despite removal
of the anomalous fibrous tissue, suggesting that the underly-
ing pathological process is unaltered [33, 35]. The re-operation
rate is also high (23.5%, with 14.7% of patients requiring re-
operation due to recurrence, 5.9% due to severe Al, and 2.9%
due to an iatrogenic ventricular septal defect (VSD) creation)
[34, 66]. Furthermore, the risk of recurrence is greater for hu-
man patients who are younger at the time of diagnosis and/or
surgical intervention, those who have a smaller aortic annulus,
those with an obstruction in close proximity to the aortic valve
itself, and those with a higher preoperative peak LVOT pres-
sure gradient [33, 66]. Nevertheless, the majority of the time,
survival post-surgery is excellent and not significantly differ-
ent than people with no diagnosis of SAS [81].

Novel preclinical therapies for SAS are lacking in veteri-
nary patients. Oral rapamycin may represent a promising fu-
ture direction for the clinical treatment of SAS. Traditionally,
rapamycin (sirolimus) has been used as an immunosuppres-
sive agent in organ transplantation [82, 83]. It is an inhibitor
of the mammalian target of rapamycin complex 1 (mTORC1)
and the mammalian target of rapamycin complex 2 (mTORC2)
[83-86]. Growth factor (e.g., IGF-1, or insulin-like growth
factor 1) and amino acid ligands act to alter the downstream
effects of mMTOR on mammalian translational machinery [87-
90]. Inhibition of mTORCI, specifically, impedes cell growth
(particularly in response to increased workload), proliferation,
and differentiation [86]. Rapamycin administration, then, may
promote regression of cardiac hypertrophy [87, 91]. Murine
research supports a 68% reduction in the heart weight to body
weight ratio in mice with compensated hypertrophy and a
41% decrease in the heart weight to body weight ratio with
decompensated hypertrophy, when subjects were administered
rapamycin under conditions of LV pressure overload. There is
also support for enhanced end-diastolic dimensions, fractional
shortening, and ejection fraction in mice with decompensated
hypertrophy [87]. Rapamycin has also been shown to reduce
myocardial infarction and reperfusion injury via cardiac au-
tophagy and anti-oxidative/anti-nitrative stress in mice with
cardiac hypertrophy [92]. It remains to be seen if similar clini-
cal outcomes could be achieved in canine and human patients,
however. Given these promising responses in conditions of
pressure overload and maladaptive hypertrophy, it stands to
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reason that future investigations of this compound in naturally
occurring SAS are warranted. A clinical trial of rapamycin in
severe canine SAS is currently underway [93].

Other notable pharmacological treatments that have been
explored for an adjacent human disease, aortic stenosis, in-
clude verapamil and angiotensin-converting enzyme (ACE)
inhibitors. Verapamil is a calcium channel antagonist; it reduc-
es the amount of calcium that enters myocardial cells [94, 95].
It acts as a myocardial depressant and results in more efficient
relaxation and diastolic filling in patients with hypertrophic
cardiomyopathy (HCM), but these patients with aortic stenosis
do not experience these same improvements after verapamil
administration. Verapamil has been administered to conscious
dogs, but, to the authors’ knowledge, it has not been effectively
studied for use in canine aortic stenosis or SAS patients [95].
ACE inhibitors have been contraindicated in patients with aor-
tic stenosis for some time, but evidence for their potential ben-
efit has now surfaced. Angiotensin II is thought to be involved
in the development of LVH, myocardial contractile failure,
and diastolic dysfunction that make up a trio of sequelae to
pressure overload, and in rat models, ACE inhibition appears
to dampen these effects [96, 97]. More research is needed to
understand the impact for humans with aortic stenosis, as well
as human and canine patients with SAS.

Another set of options that could become increasingly
critical to the treatment of cardiovascular diseases with known
molecular pathways are messenger RNA (mRNA) therapeutics
and RNA interference. While the most widely known example
of their use is coronavirus disease 2019 (COVID-19) vaccines,
mRNA therapeutics have a broad range of applications, includ-
ing in the treatment of cardiovascular disease. In fact, research
teams are currently working on mRNA therapeutics for the
treatment of myocardial ischemia, heart failure, arrhythmias,
arterial occlusive disease, and hypercholesterolemia. Recent
advances, including improvements in mRNA delivery and
encapsulation options, have made these therapies more viable
[98]. RNA interference (RNAI) is a related but separate treat-
ment option that involves silencing RNA binding to the 3’ un-
translated region (UTR) of an mRNA transcript, resulting in
decreased levels of translation or increased degradation of that
transcript. RNAI treatments for amyloidosis and hypercho-
lesterolemia have been approved; others are in development
[98]. The question that we are left with, then, is: Which RNA
transcript(s) could be targeted to treat SAS? Part of the key to
determining the answer to this question involves answering a
related question: Which gene(s) is/are involved in the develop-
ment of SAS within or across species?

Genetics vs. Environment, Mode of Inheritance,
and Variant Discovery

The start of canine SAS research did not begin for over a century
after the discovery of the disease in humans, but in the 1960s,
there was a sudden boom. Clinicians, researchers, and clinician-
scientists noted that certain patient populations were dispro-
portionately affected, compared to others. More specifically, it
became evident that a few of the larger dog breeds (including
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German Shepherds, Boxers, and Newfoundlands) had a particu-
larly high prevalence of this disease [6]. Patterson and colleagues
concluded that since the distribution of SAS-affected individuals
across breeds was non-random, SAS must have a heritable com-
ponent that affects the development of the heart [6].

Pressing on, Patterson and Pyle performed a series of breed-
ing experiments in Newfoundland dogs, one of the breeds known
to have a documented predisposition for SAS. Through this
work, they confirmed that the affection status of an individual
with regard to SAS is indeed a heritable trait and that the mode
of inheritance is not consistent with any Mendelian form of in-
heritance. Their studies implicate a polygenic mode of inherit-
ance or an autosomal dominant mode of inheritance (possibly
with modifiers). These continue to be the leading hypothesized
modes of inheritance; additional information is required to more
definitively support or refute these contradicting hypotheses [5,
6, 64]. Furthermore, their results suggested that the trait may not
have complete specificity, for some crosses between affected
individuals yielded offspring with valvular and subvalvular pul-
monic stenosis in addition to SAS [5]. A later study would find
that Newfoundlands have an odds ratio of 34.73 for the develop-
ment of SAS, as well as a prevalence of 4.46%. The odds ratio
and prevalence, respectively, for other predisposed breeds are
as follows: 52.43 and 6.59% for Bullmastiffs, 17.23 and 2.27%
for Boxers, 10.67 and 1.42% for Golden Retrievers, 8.78 and
1.17% for Rottweilers, 4.79 and 0.64% for German Shepherds,
and 4.59 and 0.61% for Pitbull Terriers [1]. Now, as we have
ushered in the 21st century, researchers have begun to elucidate
the genetics of SAS in the Bouvier de Flandres, Bullmastiff,
Golden Retriever, Newfoundland, and Rottweiler breeds by
seeking to identify the genetic variants involved in the molecu-
lar pathophysiology of the disease. A three-nucleotide insertion
in exon 16 of PICALM (phosphatidylinositol-binding clathrin
assembly protein), located on chromosome 11, was discovered
in Newfoundlands in 2014 and is the sole variant associated of
SAS to date, yet this variant was not replicated in a European
breed sample [99, 100]. More recently, a genome-wide associa-
tion study (GWAS) with the five aforementioned breeds yielded
a region of association on chromosome 13 in Golden Retriev-
ers, Newfoundlands, and Rottweilers (both within and across
breeds) [64]; chromosome 21 in Bullmastiffs; and chromosome
20 in Bouviers. However, a subsequent whole-genome sequenc-
ing (WGS) analysis did not reveal any coding variants within
candidate genes to be associated with SAS, as they neither seg-
regated perfectly, nor did their known functions align with the
pathophysiological changes established to occur over the course
of the disease. Familial occurrence has been observed in humans
as well, but specific genetic associations, as well as the mode of
inheritance, have yet to be identified [101-107]. Similarly, while
the majority of pedigrees in case reports of human families with
multiple SAS-affected individuals are consistent with an auto-
somal dominant or an autosomal recessive mode of inheritance
with variable and incomplete penetrance, a conclusive mode of
inheritance of SAS in humans is unclear, and the genetic cause
of the disease is similarly elusive [105]. Table 1 contrasts these
and other research findings and clinical approaches to SAS in
human patients with those in canine patients.

Despite this, more extensive knowledge has been garnered
from valvular aortic stenosis and supravalvular aortic stenosis.
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Table 1. Comparison Between Canine and Human Disease Characteristics

Human subvalvular aortic stenosis

Canine subvalvular aortic stenosis

0.25% of children, 6% of CHD cases, and
8-30% of LVOT obstruction cases

Unknown

Prevalence

Pattern of inheritance

Diagnosis Echocardiogram (EOA, 2D, M-mode, Doppler, 3D, and
TEE), ECG, and TXR +/- catheterization and bloodwork
Therapy/intervention Resection of fibrous tissue +/- myectomy
+/- Konno aortoventriculoplasty
Outcomes MST is not significantly different from people without
SAS; Al, recurrence of fibrous tissue and re-operation
Environment/exposure Range is similar to nearly identical

0.3% of patients, 4.7% of cardiology patients,
and 24% of CHD cases

Likely autosomal dominant with

incomplete penetrance or polygenic
Echocardiogram (2D, M-mode, and Doppler)
+/- ECG, TXR, and bloodwork

Atenolol (a beta-adrenergic blocker)

MST is 56 months with atenolol; left-sided
congestive heart failure, endocarditis, arrhythmias,
exercise intolerance, syncope, and sudden death

CHD: congenital heart disease; LVOT: left ventricular outflow tract; EOA: effective orifice area; 2D: two-dimensional; 3D: three-dimensional; ECG:
electrocardiogram; TXR: thoracic radiographs; TEE: transesophageal echocardiography; MST: median survival time; SAS: subvalvular aortic steno-

sis; Al: aortic insufficiency.

Congenital valvular aortic stenosis and congenital supravalvular
aortic stenosis are two diseases that are both anatomically and
pathologically similar to congenital SAS and which therefore
may provide insight into the disease’s mode of inheritance and/or
genomic region(s) associated with SAS. A GWAS revealed three
variants associated with valvular aortic stenosis: rs7543130, an
intergenic variant on 1p21 near the PALMD (palmdelphin) gene,
and rs1830321 (intronic to TEX41, or testis expressed 41, a gene
on 2q22 that does not encode a protein); chromatin interaction
studies implicated ZEB2 (zinc finger E-box binding home-
obox 2) as a potential biological candidate [108]. Meanwhile,
a genome-wide DNA methylation analysis found that changes
in the methylation patterns at the CpG sites of APOAS5 (apoli-
poprotein A5) and PCSK9 (proprotein convertase subtilisin/
kexin type 9) are also associated with valvular aortic stenosis.
Conversely, supravalvular aortic stenosis is characterized as an
autosomal dominant disease with loss-of-function intragenic
mutations or deletions in the ELN (elastin) gene, which result in
premature stop codons and/or splicing inefficiency [109-115].
Williams syndrome (or Williams-Beuren syndrome), a complex
of conditions that is comprised of supravalvular aortic stenosis
and multiple other diseases, is associated with an approximately
1.5 Mb deletion, which includes the 7q11.23 deletion of ELN
and contiguous genes in a region of the genome referred to as
the WBSCR (Williams-Beuren syndrome critical region) [109-
115]. While the aforementioned data serve as a partial blueprint
for future SAS-focused genomic explorations, the absence of
a definitive genetic etiology of SAS in humans only serves to
further highlight the importance of determining the definitive
genetic etiology in the canine model of SAS.

Conclusion and Future Directions

SAS has been referenced, described, characterized, catego-
rized, reviewed, and analyzed in the medical literature since
1842. Eighteen decades later, through the combined efforts of
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both veterinary and human medical clinicians and researchers,
we have expanded our offerings to our clients and our patients.
In the centuries since this disease was first discovered, a vast
amount of information has been uncovered. We have much fa-
miliarity with its pathology and how it deviates from typical
physiology, a mammalian model has been identified in the dog,
and we even have the technology to characterize the disease and
detail the specifics of a patient’s case noninvasively. Treatment
options to address the pathology offer delays in the onset and
progression of clinical signs, as well as an increased lifespan,
but we have yet to reach the pinnacle of treatment success. The
forward momentum built by past researchers leads us to the next
frontier of clinical SAS research - identifying a treatment inter-
vention that causes disease progression to either halt or regress.
A significant gap in knowledge remains to be bridged - in the
clinical realm, the genetic realm, or, more likely, in both.
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