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KEY POINTS

e Pulmonary valve stenosis is not easily categorized into a binary classification as dogs with
this disease show variable degrees of valve fusion, valve thickening, annular hypoplasia,
and fibrous adhesions at the sinotubular junction.

e Balloon pulmonary valvuloplasty remains a key treatment for pulmonary valve stenosis,
though is not effective for all valve morphotypes.

e High-pressure balloon pulmonary valvuloplasty should be offered to dogs that fail to
respond to conventional balloon dilation and could be considered as first-line therapy
for many cases.

Transpulmonary stent implantation is an emerging therapy for pulmonary valve stenosis
which is technically more challenging than balloon pulmonary valvuloplasty but appears
to be effective in dogs with valve dysplasia.

@ Video content accompanies this article at http://www.vetsmall.theclinics.com.

BACKGROUND

Congenital pulmonary valve stenosis (PS) is very common dogs and seemingly
becoming more common with the rise in popularity of brachycephalic breeds that
have a predilection for the condition.”? In several reports of congenital heart disease
prevalence, PS is the most commonly encountered canine congenital heart defect,>*
with recent epidemiologic data from ltaly suggesting it comprises 34% of all cases of
congenital heart disease in dogs.? The male sex appears to have an increased prev-
alence of PS, particularly in bulldogs.+

Without therapy, dogs with PS are at risk for symptoms including exercise intoler-
ance, syncope, sudden cardiac death, congestive heart failure, and cyanosis from a
right-to-left shunt.>~" Effective treatment options for this condition are required given
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the prevalence and severity of disease encountered in practice; unfortunately, high
grade evidence in favor of any particular intervention is lacking in veterinary medicine.
Although consensus guidelines are not available, the author advises intervention for
dogs with PS according to the criteria in Box 1.

ANATOMY OF PULMONARY VALVE STENOSIS IN DOGS

Pulmonary valve stenosis in dogs has variable features, several of which likely impact
the potential for a successful intervention. Unfortunately, there is a lack of consensus
in the veterinary literature regarding how to classify the morphologic features of PS -
some reports describe a predominance of a focal valvar obstruction, while others
report that multiple levels of obstruction (valvar and supravalvar) predominate. These
conflicting data may reflect geographic and breed differences, but it seems probable
that different centers define the morphologic lesions of canine PS differently, leading
to variability in the literature and potential confusion amongst cardiologists trained at
different institutions. The following discussion of PS morphology represents the au-
thor’s opinion and experience, in the absence of a consensus document.

In both humans and dogs, PS is principally a disease of the valve apparatus —
including the annulus, leaflets, and sinotubular junction. While the human form of val-
var PS is predominately that of commissural fusion,®° the canine form is more
commonly characterized by thickened, dysplastic valves.’®'? In domed PS, there is
incomplete separation of the leaflets secondary to fusion along the valve commis-
sures, systolic bowing of the domed valve into the pulmonary trunk, and post-
stenotic dilation of the pulmonary trunk itself. Dysplastic PS in the human is described
as thickened leaflets with limited mobility and variable commissural fusion.® Other
forms of pulmonary stenosis may include infundibular (subvalvar) and supravalvar pul-
monary stenosis.

Early work in a beagle colony specifically bred for PS described the typical canine le-
sions as valve thickening, valve hypoplasia, and valve fusion; in the seminal article from
this laboratory, the term pulmonary valve dysplasia was chosen to describe these le-
sions.'® Bussadori and colleagues originally categorized two forms of canine PS:
type A, in which there was minimal leaflet thickening, fused commissures with a central
orifice, systolic doming, an aortic-to-pulmonary annulus ratio less than 1.2, and post-
stenotic dilation of the pulmonary trunk; and type B, in which there was marked leaflet
thickening, hypoplasia of the pulmonary annulus with an aortic:pulmonary annulus ratio
greater than 1.2, severe infundibular hypertrophy, and rare or minimal post-stenotic
dilation of the pulmonary trunk.'? Using this classification, Bussadori and colleagues
showed that outcomes were worse for dogs with type B morphology.'? The same
author used an expanded classification of PS morphology in an epidemiologic series,

Box 1
Suggested criteria favoring intervention in dogs with pulmonary valve stenosis (PS)

e Clinical signs referable to PS (syncope, exercise intolerance, poor growth)

e Echocardiographically derived peak transpulmonary pressure gradient> 64 mm Hg

e Congestive heart failure (cavitary effusion, most often ascites)

e Right-to-left shunting intracardiac defect (patent oval foramen, ventricular septal defect)
e Right ventricular systolic dysfunction

e Severe right ventricular wall thickening
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including mixed and hourglass types in addition to the types A and B.? A large retro-
spective review of congenital heart disease used the type A and B terminology for
canine PS, based principally upon the relative diameters of the pulmonary valve annulus
compared to the aortic valve annulus.*

Supravalvar stenosis has been reported in the canine literature, with the suggestion
that PS in the French bulldog is most often valvar and supravalvar.’®' It is the au-
thor’s opinion that the majority of cases considered supravalvar are within the spec-
trum of valvar stenosis. According to the anatomist Robert Anderson, the
sinotubular junction belongs to and is an integral part of the semilunar valve appa-
ratus.’® Therefore, it seems reasonable to consider PS cases with fibrotic adhesions
to the sinotubular junction as within the spectrum of valvar stenosis. Moreover,
many if not most dogs have both abnormal valve leaflets (fusion, thickening) in com-
bination with fibrous adhesions at the sinotubular junction (Fig. 1). Finally, a study eval-
uating supravalvar PS attempted to clarify this issue in humans by defining the lesion
as a narrowing of the pulmonary artery and noted considerable discrepancy between
the echocardiographic diagnosis and the angiographic gold standard.® As in people,
true supravalvar pulmonary stenosis appears to be relatively rare in the dog, is
perhaps better termed pulmonary artery stenosis,* and should be documented as
an obstruction geographically distant from (distal to) the sinotubular junction. Many
cases of canine PS, the majority in the author’s practice, have fibrous adhesions be-
tween the leaflet tips and the sinotubular junction or exuberant fibrous tissue within the
sinuses and at the sinotubular junction. These cases are considered anatomically val-
var by the author.

Subvalvar obstructions are common in all cases of PS related to dynamic oblitera-
tion of the subpulmonary infundibulum during right ventricular systole. Specific forms
of subvalvar obstruction geographically distant from the valve annulus (infundibular
pulmonary stenosis and double chambered right ventricle) are better considered as
separate diseases and will not be discussed here. Immediate subvalve obstructions,
whether muscular or fibrous, do exist in dogs and can sometimes be challenging to
distinguish from annular narrowing or thickening at the base of the pulmonary valve
cusps.

While it is useful to consider the morphologic features of the valve, and attractive to
pursue a similar classification as is used in humans with typical and dysplastic forms,

§ L o

Fig. 1. Right ventriculography in 10 cases of canine PS demonstrating the complex nature of
dysplastic valve morphology seen in this disease with valve thickening, valve fusion, fibrous
tissue obstructing the valve sinuses, adhesions to the sinotubuluar junction, and annular hy-
poplasia to variable degree.
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the author does not believe that canine PS fits easily into binary categories (eg, type A
and type B). Rather, valve thickening, valve fusion, annular hypoplasia, fibrotic tissue
at the annulus or sinotubular junction, and post-stenotic dilation of the pulmonary
trunk appear to each exist along a continuum in canine PS such that some dogs are
affected primarily with fusion and systolic doming of the valve, others have thick leaf-
lets with a hypoplastic annulus, while others have a normal size annulus with
exuberant fibrous tissue obstructing the sinuses and sinotubular junction. Often, the
individual dog has many of the features described above (thickening, fusion, fibrous
tissue, annular dimension) to variable degree. The true fused, doming valve of “typical”
PS that is common in humans appears to be rare in dogs, particularly in the most
affected breeds (eg, bulldogs and French bulldogs). Examples demonstrating some
of the spectrum of morphology in canine PS are shown in Fig. 1 and Video 1.

INDICATIONS FOR PULMONARY VALVE STENOSIS THERAPY

The decision to intervene in an animal with heart disease is complex. Ideally, evidence-
based practice guidelines or consensus statements would guide our treatment deci-
sions. In veterinary medicine, particularly within the field of congenital heart disease
and structural heart interventions, such documents are notably absent. There are no
rigorous (randomized, double-blind, placebo-controlled) trials of any therapy in canine
PS. In addition to animal specific characteristics (see Box 1; Box 2), the desire of the
informed client to intervene as well as their financial capacity to do so often impact
whether a procedure is performed. In general, higher pressure gradients, younger
age at diagnosis, and the presence of clinical signs are thought to signify more severe
disease with a poorer outcome and may justify an intervention in a dog with PS.>~" For
more than 30 years, human medicine has navigated similar challenges in determining
when to intervene with balloon pulmonary valvuloplasty (BPV).!” Currently, a physi-
cians’ decision to intervene on PS varies from the more strict criteria of a transpulmo-
nary valve pressure gradient over 50 mm Hg, '® to the more lenient pressure gradient of
greater than 35 mm Hg with objective signs of right ventricular hypertrophy.'® In dogs,
increased cardiac mortality was observed in dogs with gradients over 80 mm Hg and
this threshold has been used as a justification for intervention.” In a different study of
55 dogs that did not undergo BPV for their PS, a gradient over 60 mm Hg was asso-
ciated with cardiac mortality.® While the pressure gradient is certainly a critical data

Box 2
Valve anatomy favoring balloon dilation versus stent implantation for dogs with pulmonary
valve stenosis (PS)

Transpulmonary Stent Implantation

Balloon Dilation Preferred Preferred

e Fused, doming valve e Moderate to severe valve thickening

o Normal size PVA (AoA:PVA < 1.1) o Fibrotic tissue at sinotubular junction
e Trace or mild valve thickening e Annular hypoplasia (AcA:PVA > 1.2)

e Patient age <6 mo
e Severe, primary tricuspid regurgitation
e Moderate to severe PAH

Pre-pulmonary coronary artery anomaly
Prior BPV - residual or recurrent stenosis
Pulmonary artery dissection?®

Abbreviations: AoV, aortic valve annulus; BPV, balloon pulmonary valvuloplasty; PAH, pulmo-
nary arterial hypertension; PVA, pulmonary valve annulus.
2 Consider covered stent implantation for pulmonary artery dissection.
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point to consider when deciding whether or not to intervene, it is the author’s perspec-
tive that the echocardiographically derived pressure gradient should not be the sole
factor determining whether or not to pursue intervention for canine PS (see Box 1).
If a single value for pressure gradient was to be considered as a threshold for interven-
tion, the pressure gradient corresponding to a peak outflow velocity of 4 m/s (64 mm
Hg) seems a logical starting point based on the literature and for ease of use in the
clinic. The author’s approach is to provide the pet family with the information we
have from published studies,>”'" to offer the perspective from human medicine
based on a larger clinical experience and expert guidelines,’® and to present the
author’s personal experience from past procedures performed in dogs with similar
disease, recognizing that this latter approach falls toward the bottom of the
evidence-based pyramid.?° For some families, this will lead to a decision to intervene
in a dog with a pressure gradient of 60 mm Hg and moderate right ventricular wall
thickening, while another family may choose to decline intervention with a pressure
gradient of 90 mm Hg in the absence of clinical signs.

THERAPEUTIC OPTIONS FOR PULMONARY VALVE STENOSIS

There are 3 primary ways to treat PS in dogs — medical therapy, transcatheter interven-
tion, and open surgery. Medical therapy typically involves beta-blockade, with ateno-
lol seemingly the most prescribed drug. A recent abstract comparing medical
practices between physicians and veterinarians demonstrated a major difference in
prescribing practices for PS, with 92% of dogs receiving beta blockade compared
to only 3% of human patients.?! The reason for this discrepancy is unclear, though
may reflect earlier intervention in humans. In a study of 27 dogs with PS, atenolol
decreased the echocardiographically derived transpulmonary pressure gradient
compared to its baseline value, though less flow-dependent estimates of severity
were not changed.?? Finally, a short-term study evaluating dogs that received atenolol
prior to BPVfound no differences in perioperative complications compared to a control
group that did not receive atenolol.?® No studies have evaluated the effect of atenolol
on survival or quality of life in canine PS; however, the author continues to prescribe
atenolol to dogs with PS that have a moderate to severe pressure gradient (>64 mm
Hg) and/or with moderate to severe right ventricular wall thickening due to the theo-
retic benefits of a reduced myocardial oxygen demand, potential anti-arrhythmic ef-
fects, to reduce dynamic muscular obstruction of the right ventricular outflow tract,
and to limit demand ischemia associated with tachycardia. Atenolol therapy in a
dog prior to and following transpulmonary stent implantation (TSI) is particularly critical
to limit the compressive forces of the hypertrophied right ventricle on the stent itself
and typical dosages for this purpose are 1.5 to 2.5 mg/kg PO 12 h.

Transcatheter interventions for PS have primarily focused on BPV. Balloon pulmo-
nary valvuloplasty as it is performed today was tested first in a dog in 1980 and re-
ported in a child in 1982.2425 Initial reports described a reduction in clinical signs
and improved quality of life for dogs undergoing BPV, though a survival advantage
was not observed.'! A retrospective series of 81 dogs reported a 53% reduction in
hazard (clinical signs or death) for dogs that underwent BPV, after adjusting for the
pressure gradient, clinical signs, and age.® While BPV appears beneficial, it is likely
of greatest benefit if a substantial reduction in the echocardiographically derived
peak transpulmonary pressure gradient can be achieved. One study found that resid-
ual gradients were an independent predictor of outcome after BPV and that long-term
outcome was optimal when a post-BPV pressure gradient of less than 50 mm Hg was
achieved.?® Predicting which dogs will benefit from BPV therefore seems relevant to
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the decision to pursue intervention. In a study of 30 dogs with valvar PS, 94% of the
dogs that had a normal pulmonary annular diameter and minimal valve thickening had
resolution of their clinical signs and survived more than 1 year after the procedure;
however, for the dogs with marked leaflet thickening and a hypoplastic pulmonary
annulus, only 66.6% had a favorable outcome and only 50% showed a resolution in
their clinical signs.'® More recently, a retrospective series of 81 dogs found progres-
sive increase in the pressure gradient after BPV, with restenosis occurring in 18% to
38% of dogs.?” Taken in total, while BPV can improve outcome in PS dogs, it appears
that in some dogs BPV fails to provide the desired reduction in transpulmonary pres-
sure gradient or fails to provide a durable result. Current advances in transcatheter in-
terventions for PS have therefore focused on optimizing BPV technique, including the
use of high-pressure balloons?®?° and pre-scoring the lesion with cutting balloon dila-
tion catheters.>® Additional work has pursued the implantation of metallic stents
across the pulmonary valve annulus to hold the dysplastic tissue to the walls of the
outflow tract.®'~34 These newer transcatheter approaches will be discussed below.

Surgical options for PS palliation have existed for decades, though are minimally re-
ported in dogs. Surgical commissurotomy in a German shepherd dog was success-
fully performed under hypothermic inflow occlusion as early as 1964,%° while patch
graft techniques have been reported both on and off cardiopulmonary bypass.®6-¢
A series of 8 dogs with severe PS undergoing surgical palliation (closed commissur-
otomy or patch graft) disclosed a mean survival of 3.75 years suggesting a benefit
from surgery compared to unoperated dogs.>® Today, open surgery for PS is uncom-
mon in dogs.

Only one study, to the author’s knowledge, has retrospectively compared all thera-
peutic approaches to PS management though this study was only published as an ab-
stract more than 30 years ago.’° The study by Ewey and colleagues (1992)
retrospectively reported on 72 dogs with PS that were not treated, 30 dogs that had
surgery (18 commissurotomy, 12 patch graft), and 25 dogs who underwent BPV. In
that cohort, survival at 2 years post-treatment was 94% for BPV, 65% for the un-
treated group, and approximately 30% for the combined surgical groups. The un-
treated dogs were reported to have a 2.1 times greater risk of death in the first
2 years as compared to dogs who underwent BPV.*°

BALLOON PULMONARY VALVULOPLASTY

As discussed above, there is evidence that BPV improves the outcome of human and
canine patients with severe PS.%>"1"4" The procedure is routinely performed by cardi-
ologists with low morbidity and mortality.*? Although effective for many patients, hu-
man and canine studies suggest that patients with valvar dysplasia and a
hypoplastic annulus show less improvement following BPV than those with purely val-
var fusion.'®“® Optimizing BPV requires correct annular sizing and balloon selection,
as well as an accurate inflation of the balloon centered on the stenotic valve. The full
procedural steps are outside the scope of this article but can be found elsewhere.*?

Selection of the balloon diameter is determined from measurements of the pulmo-
nary valve annulus. A balloon-to-annulus ratio (BAR) of 1.3 to 1.5 is typically selected,
with values below 1.3 not providing sufficient force to open the fused valve and ratios
exceeding 1.5 being more likely to damage the valve or pulmonary artery. The pulmo-
nary annulus diameter can be measured from transthoracic echocardiography, trans-
esophageal echocardiography (TEE), angiography, or cardiac computed tomography
(CCT) and at various phases of the cardiac cycle. The initial estimate of the pulmonary
annulus diameter is made at the onset of systole from a right-parasternal short axis
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echocardiographic image optimized to be directly sagittal to the valve. However, if
translational motion prevents an accurate measurement at the onset of systole, the
end-diastolic or end-systolic frames may also be used. The measurement is repeated
during CCT or TEE, if performed, and again during angiography to confirm the initial
echocardiographic measurement. These different measurements are then integrated
- the imaging modality with the clearest resolution that demonstrates the hinge-
points of the valve diameter in a sagittal plane should be trusted. The length of the
balloon is also relevant. A longer balloon provides for a smoother dilation as the valve
annulus can be positioned in the middle of the balloon with greater ease; when the
balloon is excessively short in length, the ejection of the right ventricle pushes the
balloon into the pulmonary artery and makes “landing” the center of the balloon at
the valve annulus more challenging. However, an excessively long balloon may dam-
age the tricuspid valve chordae or the distal pulmonary artery during inflation (Fig. 2).

In addition to the balloon, the guidewire selected is critical to procedural success. A
J-tipped exchange length guidewire (greater than 180 cm length) should be chosen of
moderate to high stiffness. The J-tip (optimally a 1.5 cm J) is preferred as it will be less
traumatic to the distal pulmonary artery. The guidewire is the scaffold which will help
hold the balloon in position across the valve; guidewires that lack the appropriate stiff-
ness will lead to balloon migration and prolapse of the wire, preventing an effective
dilation. In general, 0.035" super-stiff or extra-stiff guidewires are preferred for BPV.
In small dogs or those with severe right ventricular hypertrophy, the super-stiff guide-
wires place too much pressure on the tricuspid valve and the right ventricular endocar-
dium, particularly when they are advanced from a jugular venous approach and a
standard stiffness wire should be chosen. In large dogs or when using balloon dilation
catheters with a stiff shaft, super-stiff guidewires may be too flexible and ultra-stiff
guidewires should be selected. For very small dogs, the chosen balloon dilation cath-
eter may not accept an 0.035” guidewire. In such instances, a 0.018” or 0.025” guide-
wire can be used, but such wires provide even less stability during advancement and
inflation of the balloon dilation catheter and stiffer designs should be selected.

Last, a few comments on balloon inflation technique during routine BPV are rele-
vant. Once the guidewire is positioned and the balloon dilation catheter advanced
to the right ventricular outflow tract, rapid inflation should be performed with a pres-
sure inflation device. Hand inflations are imprecise and unable to achieve the target
pressure for most balloons as hand pressure on a syringe of greater than 5 mL cannot
generate more than 2 to 3 atm of pressure within the balloon.™ A pressure inflation
device allows rapid filling and deflation of the balloon with knowledge of the pressure

Fig. 2. Balloon lengths for balloon pulmonary valvuloplasty demonstrating a balloon that is
short relative to the outflow tract (A), too long (B), and of a reasonable length to facilitate
engagement of the annulus with lower risk of migration (C).
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generated such that the nominal pressure (at which the balloon reaches labeled diam-
eter) can be obtained and the rated burst pressure avoided. During inflation, it is help-
ful to have an assistant hold the balloon catheter still and to slightly push the guidewire
into the catheter - this facilitates maintenance of the loop through the RV and forces
the guidewire toward the cranial aspect of the outflow tract thereby stabilizing the
balloon. Positioning of the guidewire in the distal pulmonary artery is important so
that forward pressure on the wire stabilizes the whole system. The tendency to pull
the balloon dilation catheter out of the dog if it slips distally during inflation should
be avoided; a guidewire of appropriate stiffness that is well positioned distally and
pushed into the catheter during inflation is the best way to maintain balloon stability.
Pulling the balloon catheter out of the dog during inflation risks tightening the wire loop
in the right ventricle and damaging the tricuspid valve while seldom improving the op-
erator’s ability to maintain balloon position at the annulus.

Again, more details on the precise technical aspects of BPV can be found in other
sources. %42 Further improvement in technique may involve expanding the devices
used to dilate the stenotic outflow tracts of these patients, such as high-pressure bal-
loons, cutting balloons, or stents.

HIGH-PRESSURE BALLOON PULMONARY VALVULOPLASTY

The balloons developed for BPV in children and those that were reported in most of the
case series described above in dogs have relatively low rated burst pressures (1-
6 atm). Considerable advancement in balloon catheter design has occurred in the
last several decades, driven by a need for the effective treatment of peripheral
vascular disease in people. Dozens of balloon dilation catheters approved for percu-
taneous transluminal angioplasty are therefore available on the human market and can
be used in an off-label manner for BPV in dogs. Specifically, human and canine pa-
tients that lack the thin, fused valve of typical PS may benefit from alternate balloon
dilation catheters as studies suggest that patients with valve dysplasia and a hypo-
plastic annulus have less improvement following BPV, as well as a poorer prognosis
with or without BPV, compared to those with predominantly valvar fusion. 2264344
High-pressure BPV, defined in one study as a balloon inflation pressure of at least
8 atm, was performed in eight humans immediately following suboptimal results
from low-pressure BPV.** In that series, a successful outcome was achieved after
high-pressure BPV for all eight children. A study of high-pressure BPV in 25 dogs
demonstrated procedural success in 92% of dogs, including nine dogs considered
as having type B or dysplastic valves.?® Following that study, other authors published
results of 20 dogs undergoing low-pressure BPV (defined as <4 atm) in which 60%
demonstrated procedural success and no effect of valve type (A or B) was observed.*®
Currently, there is no compelling evidence to select high-pressure BPV over low-
pressure BPV for canine PS. However, the high proportion of dysplastic valves in
the canine population may justify a lower threshold to intervene with high pressure.
Currently, the author performs high-pressure BPV for all dogs undergoing pulmonary
valve dilation. The rationale for this approach is partially economical - if the valve fails
to respond to low-pressure BPV a second dilation with a higher-pressure balloon
would be pursued and result in twice the balloon cost. Utilizing this approach over
the last 5+ years has not resulted in a recognizable increase in complications from
the high-pressure balloon dilation catheters, but evidence supporting or refuting this
approach is unavailable. If a valve is thin, fused, and there is no evidence of fibrous
tissue complicating the obstruction then low-pressure BPV as a first line therapy is
reasonable.
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CUTTING-BALLOON DILATION FOR PULMONARY VALVE DYSPLASIA

Balloon dilation relieves valvar stenosis by tearing fused or thickened leaflets. The
stretch achieved with balloon dilation may not be sufficient to tear very thick, fibrous
tissue and relieve obstruction in dysplastic PS. There are catheters, however, that
when inflated expose small microblades that incise the tissue by extending out from
the balloon surface by 0.127 mm.“® In theory, scoring the tissue with a cutting balloon
may then allow a more controlled tear in resistant tissue as sequentially larger size
balloons are then inflated at the same location. Cutting balloon technology to treat
PS was first attempted 30 years ago when a double-blade balloon was used to dilate
a stenotic pulmonary valve in a dog model, followed by its use in three children.*”
Further work in five children with dysplastic PS demonstrated apparent safety with
partial relief of resistant PS in these children who failed standard BPV.*® The author’s
catheterization lab reported the results of cutting balloon dilation followed by high-
pressure BPV in seven dogs, with reduction in peak pressure gradient from an average
of 145 mm Hg to 78 mm Hg the next day on transthoracic echocardiography.®° Clinical
improvement was reported by the clients in four of the seven dogs.

The technique of cutting balloon dilation requires additional equipment and cost
compared to standard BPV. Cutting balloon dilation catheters have a guidewire lumen
of 0.014” to 0.018", necessitating smaller wires than are used for BPV. A gradual infla-
tion and deflation is advised (optimally 60 seconds) to properly expose and then refold
the microblades during dilation“®; this gradual deployment may not be feasible in PS
as cardiac output may be compromised when the balloon is inflated. An additional
challenge is the available sizes of cutting balloon dilation catheters are limited to a
maximum 8 mm diameter, which may not be large enough to engage the valve in all
cases of canine PS, particularly larger dogs. Finally, the small diameters of the cutting
balloons mean nominal and burst pressures are reached with much less volume than
typical balloons used for BPV. If the operator is not aware of this rapid inflation, burst
pressure can easily be exceeded which may result in avulsion of a microblade result-
ing in vascular trauma.

In the author’s experience, cutting balloon dilation may have value if TSI is not
feasible such as in cases of mid-ventricular obstructions (double-chambered right
ventricle) or subvalvar aortic stenosis. Currently, the author does not routinely perform
cutting balloon dilation for PS in dogs. In nearly all cases, the valve is either amenable
to high-pressure BPV alone or, if BPV is unsuccessful or presumed to lead to an inad-
equate result, TSI is pursued.

TRANSPULMONARY STENT IMPLANTATION

Stent implantation may provide an alternative therapeutic approach for dogs that fail
to respond to BPV. The value of TSI is to physically hold the dysplastic tissue (thick
valve, fibrous adhesions) to the side of the outflow tract thereby improving forward
flow. In contrast to BPV, TSI leaves an implant in the patient which may be positive
(preventing re-stenosis) or negative (if fractured or reactive). Stent implantation has
been reported in children as a palliative strategy for cyanotic heart disease, principally
tetralogy of Fallot. Nine children with unsalvageable pulmonary valves and tetralogy of
Fallot had TSI performed with promising short-term results.*® A retrospective series of
52 children who underwent TSI reported positive results for the majority of patients,
with one perioperative death related to pulmonary artery perforation.®® In recent years,
TSI has evolved to be the first-line therapy for neonatal palliation of Fallot’s tetralogy in
children, allowing improved growth of the distal pulmonary arteries compared to sur-
gical aortopulmonary shunt at lower morbidity compared to early primary repair.>'52
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Stent implantation across the pulmonary valve annulus was first reported in two
dogs with an initial reduction in right ventricular pressure and transpulmonary gradient,
as well as reduced clinical signs.®' However, the improvement noted in each case was
short-lived, with progressive in-stent stenosis due to muscular in-growth in one case
and dynamic infundibular narrowing below the stent in the other.>! An additional report
described TSI for PS in four dogs, in which one stent fractured.®® Finally, a case series
reported 15 cases of TSI, including three with a coronary artery anomaly and prepul-
monary course, which demonstrated a reduction in the median peak pressure gradient
from 137 mm Hg prior to TSI to 83 mm Hg at 4 weeks post-implantation with improved
clinical signs for all dogs.

In the last 5 years, the author’s institution has performed 62 TSIs in dogs for congenital
PS, with three separate TSI catheterizations performed in one dog. The full dataset is be-
ing reviewed prior to publication, but some preliminary results will be given here to clarify
potential outcomes from TSI in dogs. Of these 64 interventions, 21 (33%) were in dogs
that had previously undergone BPV, 7 (11%) had a coronary artery anomaly, and 21
(833%) were in right-sided congestive heart failure at the time of intervention. In this pop-
ulation, the average pre-operative peak echocardiographically derived pressure gradient
was 134 + 44 mm Hg and the average gradient the day after TSI was 53 + 28 mm Hgfora
mean reduction of 58%. These results compare favorably to BPV and perhaps are
more notable in that many of these dogs had failed prior BPV or had dysplastic valves
that were considered poor candidates for BPV. There are several technical aspects to
be considered when performing TSI, which will be briefly addressed below.

Pre-operative Evaluation

The preferred preoperative diagnostic work-up includes a complete transthoracic
echocardiography and, optimally, a CCT of the patient’s right ventricular outflow tract
and coronary circulation prior to cardiac catheterization.®® A preoperative CCT is hot
mandatory, but has proven useful to optimize stent sizing, to improve the understand-
ing of valve anatomy and morphologic characteristics of the PS, and to assess risk for
coronary compression/occlusion at the time of stent implantation (Fig. 3).

Prior to catheterization, aggressive beta-blockade is advised. The right ventricular
outflow tract is often problematic in these dogs. Reducing the force of right ventricular
contraction (and avoiding stent implantation into the infundibulum) can help to limit risk
for stent fracture and re-stenosis. An atenolol dosage of 1.5 to 2 mg/kg PO g12 hr is
the target.

If a preoperative CT is not performed, careful attention should be directed to the lev-
ophase of the right ventriculogram during diagnostic angiography to evaluate the loca-
tion and course of the coronary arteries. If there is a concern for coronary occlusion or
compression, a test balloon inflation should be performed with concurrent coronary
angiography to confirm safety of the desired stent size.>*

Stent selection

Sizing of the stent is not well defined in human reports, but most authors report a stent
diameter equal to or at most 1 to 2 mm larger than the diastolic pulmonary annular
diameter.®%%% There are many stents that could be considered. Balloon-expandable
stents are relatively easy to deploy at the target site and can be post-dilated if the an-
imal grows or a larger diameter is desired after implant. Self-expanding stents are ad-
vantageous in that they continue to exert outward radial force after implant but are
more challenging to land at a distinct and narrow target zone and cannot be post-
dilated. The size of the annulus also plays a role in selection. Most stents available
on the human market are labeled for atherosclerotic disease of the iliofemoral system
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Fig. 3. Images of a cardiac computed tomography (CCT) scan from a 3-year-old Pittbull dog
with severe pulmonary valve stenosis. The thickened and fused pulmonary valve leaflets
(asterisk) can be appreciated and the outflow tract reformatted in any plane, including
sagittal (A, C) or dorsal (B, D), and in a planar (A, B) or volume-rendered (C, D) format to
highlight relevant anatomy and plan for transpulmonary stent implantation. PT, pulmonary
trunk; RA, right atrium; RPA, right branch pulmonary artery; RV, right ventricle.

and are sized to these vessels. Biliary stents are also commonly available and of com-
parable size (usually 7-12 mm in diameter and of variable length). Balloon-expandable
stents can be over-dilated beyond their nominal diameter, but doing so increases the
risk of fracture or “napkin-ring” formation where the stent dramatically foreshortens.
Bench-top testing has shown that serial dilation (expanding the stent in 2 mm incre-
ments) can limit these risks and has also demonstrated the maximal extent to which
many commercially available products can be dilated.®’

For relatively small dogs - those with a pulmonary annulus diameterup to 12 mm-a
pre-mounted iliac and biliary stent® is a good choice and was used in 66% of the cases
treated at our institution. The pre-mounted stent saves time and complexity, tracking

@ Express LD lliac and Biliary Premounted Stent System, Boston Scientific Corporation, Marlborough,
MA, USA.

1403



1404

Scansen

better through the sheath with less risk for dislodgement from the balloon. The pre-
mounted stent requires vascular access of 6 to 7 Fr depending on the stent diameter
selected. A long, flexible sheath® with a short taper on the dilator is desirable to tra-
verse the reverse curve of the right ventricle from a jugular approach.

For dogs with a target pulmonary valve diameter larger than 12 mm, there are no
pre-mounted stents of adequate diameter available in the United States and these
cases require hand-crimping of a different stent. Although a hand-crimped stent
adds cost and complexity, the author has expanded this stent up to 20 mm diameter
without fracture or excessive foreshortening. The stent is mounted onto a balloon-in-
balloon (BIB) catheter® with an outer diameter determined by desired annular size.
During crimping, the lumen of the catheter should be protected by the placement of
a guidewire; the stent is then gently compressed onto the balloon using umbilical
tape soaked in contrast to provide even, circumferential compression (Video 2).
Most BIB catheters of this size require 10 or 11 Fr vascular access. The crimped stent
will create a larger profile, typically 1 to 2 Fr sizes larger than the labeled sheath
requirement for the BIB. It is not possible to hand-crimp a stent as firmly as a pre-
mounted stent and the bend of the sheath as it traverses the right ventricle makes
the dislodgement of the stent a concern as it is advanced into the sheath. Therefore,
a sheath inner diameter that is 3 to 4 Fr larger than that labeled for the BIB is chosen,
typically a 14 Fr sheath® for medium to large size dogs.

Cases with a pulmonary artery dissection represent a unique population.®® The au-
thor’s approach in these dogs is to implant a covered stent, also known as a stent
graft. The technique is comparable to that discussed below with a pre-mounted stent,
with the exception that the covered stent has a non-penetrable outer covering (typi-
cally polytetrafluoroethylene) which may limit the risk of arterial rupture during TSI.
The author has implanted covered stents in three dogs, without notable differences
compared to bare metal stent implantation.

Stent Implantation Procedure

The cardiac catheterization is performed as is routinely done for BPV. A diagnostic
pressure pull-back and angiogram are performed and angiographic measurements
of the pulmonary annulus recorded and compared to CCT and TEE. Once the desired
stent size is determined from the measurements, a super-stiff or extra-stiff guidewire
is advanced to the distal left pulmonary artery (typically using a balloon wedge pres-
sure catheter). The balloon dilation catheter, stent, and pressure inflation device are
prepared, and everything made ready before the long sheath is advanced into the
dog. If the diagnostic catheterization was performed through a short vascular intro-
ducer, this is removed over the wire while holding pressure on the jugular access
site and exchanged for the long delivery sheath (typically 7 Fr for pre-mounted stents,
14 Fr for BIB and hand-crimped stents), which is positioned with its tip in the pulmo-
nary trunk distal to the target landing zone. The stent is then advanced over the wire
within the long sheath. Advancement through the hemostatic valve can be assisted
with the cut end of a short vascular introducer or an advancement device that is pro-
vided with some stents. Advancement of the stent through the long sheath should be

b Flexor High Flex Ansel Guiding Sheath, Cook Medical, Bloomington, IN, USA.

¢ IntraStent Max LD Peripheral and Biliary Stent, Medtronic, Minneapolis, MN, USA.
d BIB Stent Placement Balloon Catheter, Numed Inc., Hopkinton, NY, USA.

¢ Sentrant Introducer Sheath, Medtronic, Minneapolis, MN, USA.
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watched under fluoroscopy, particularly when a hand-crimped stent is used, as
dislodgement is possible. If dislodgement of the stent from the balloon occurs, the
entire delivery system will have to be removed from the dog. Once the stent is
positioned across the pulmonary annulus and centered on the primary site of obstruc-
tion, the sheath is gently retracted to uncover the stent. Contrast is injected through
the side-port of the sheath to confirm proper stent position and it is helpful to have
concurrent TEE to verify the landing zone. The balloon is then inflated to nominal pres-
sure to deploy the stent. If the target diameter is not reached, the delivery balloon is
removed, and serial dilation performed (optimally in 2 mm increments) up to the
desired diameter. Examples of both pre-mounted (Fig. 4, Video 3) and hand-
crimped (Fig. 5, Video 4) TSI procedures are provided here to demonstrate these
techniques

Fig. 4. Images during transpulmonary stent implantation using a pre-mounted stent in a 1-
year-old French bulldog with dysplastic pulmonary valve stenosis. The initial right ventricu-
logram (A) demonstrates severe narrowing through the valve with exuberant cranial fibrous
tissue resulting in a large filling defect. After crossing the stenosis with a wire and long 8 Fr
sheath, the stent is unsheathed and a positioning angiogram performed (B). The balloon is
expanded to deploy the sheath across the pulmonary valve (C). Post-stent right ventriculog-
raphy demonstrates markedly improved outflow tract diameter and resolution of the
stenosis (D).
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Fig. 5. Images during transpulmonary stent implantation using a hand-crimped balloon-
expandable stent on a balloon-in-balloon (BIB) delivery catheter in the same dog shown
in Fig. 3. Right ventriculography (A) defines the site of obstruction and a 14 Fr sheath is
advanced to the pulmonary trunk over a wire positioned in the distal left branch pulmonary
artery (B). The stent is advanced through the sheath (C) and the sheath retracted to expose
the stent at the pulmonary annulus. A positioning angiogram is performed through the
sheath and once proper position is confirmed, the stent expanded first with the inner
balloon (D), followed by the outer balloon (E). Final ventriculography (F) confirms proper
stent position and improved right ventricular outflow tract diameter.

Complications of Transpulmonary Stent Implantation

In some dogs, the annular size or selected balloon may require a sheath larger than
desirable for the patient’s vasculature. There are reports of front-loading stents into
the sheath prior to advancement into the patient to avoid risk for stent dislodgement
in a small sheath where vascular access is limited by patient size.® This is feasible in
dogs and the author has performed a front-loaded deployment in one dog (Fig. 6).
However, the transition of the wire to the balloon and outer sheath is not smooth
when using a front-loaded stent and should only be performed as a last resort.

A common concern after TSI is the presence of severe pulmonary insufficiency (Pl)
and the pulmonary arterial waveform after TSI typically shows ventricularization — a
sign of severe PI (Fig. 7). There is minimal literature on the natural history of moderate
to severe Plin dogs; in humans, Pl is well-tolerated often into the third or fourth decade
of life where eventual right heart dilation and dysfunction develop.®® As Pl is seldom
quantified in animals, it is also unknown what impact PI has after BPV in dogs. Regard-
less, the pulmonary vasculature has notable differences to the systemic vasculature
which may negate some of the concerns of wide-open PI. That is, the normal pulmo-
nary circulation has low resistance and high capacitance — 80% to 85% of the blood
ejected from the right ventricle has diffused to the pulmonary capillary bed by the end
of systole, resulting in only a small proportion of the stroke volume that remains in the
pulmonary trunk.'® Additionally, this blood is at low diastolic pressure and therefore
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Fig. 6. Front-loading of a stent is shown when the required sheath is not large enough to
accommodate advancement of a stent through its lumen. At the table, the stent is crimped
onto the balloon that has been advanced through the sheath and manipulated into the end
of the sheath. The system is then advanced into the patient over a guidewire that has been
positioned in the distal left branch pulmonary artery. In both the photograph on the left
and the fluoroscopic image on the right, the sheath can be seen (white arrow) with a small
amount of stent exposed (black arrowhead) and the tip of the balloon (black arrow) can be
seen creating a transition to the guidewire (white arrowhead). Once advanced to the level
of the pulmonary valve, deployment proceeds as usual.

the actual volume of blood that leaks back during Pl is likely to be less than what might
be expected from a non-valved pathway from right ventricle to pulmonary trunk. Hav-
ing performed TSI in dozens of dogs, the author has not seen clear evidence that Pl is
a problem unless the tricuspid valve is also severely incompetent. Such dogs are often
in right-sided congestive heart failure before stenting and it is unclear how much the PI
contributes to persistent congestive signs. For such patients, the resolution of right
ventricular afterload probably has some benefit but the increased volume load of PI
may be disadvantageous.

As discussed above, aggressive post-dilation can cause the stent to foreshorten
dramatically, a so-called napkin ring effect (Fig. 8). This can be avoided by serial dila-
tion in no more than 2 mm increments, use of a BIB catheter, and by correct stent size
selection from the outset.

Stent migration is a potential concern, but in congenital PS migration appears to be
very unlikely as there is often exuberant valve tissue present to hold the stent in posi-
tion once it is expanded. If migration occurs, it typically happens within seconds after
deployment and related to inaccurate sizing or deployment position. In that scenario, it
is critical that wire access be maintained. So long as the wire is not lost, it is still
possible to coaxially engage the stent with a balloon or second stent. It will not be
feasible in most cases to retrieve the migrated stent, but it can be expanded into a
branch pulmonary artery where it will be harmless or the proximal aspect can be
locked in place with a second stent that extends down and more appropriately en-
gages the pulmonary valve annulus (Fig. 9)

The implantation of a metal foreign body into a hypertrophied and contracting
ventricle is a recipe for metal fatigue, compression, and fracture. Interestingly, fractures
are commonly observed with transcatheter pulmonary valve implantation in humans,
though most are incidental and not clinically relevant.®’ In the author’s experience,
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PA Post-Stent

Fig. 7. Hemodynamic pressure traces measured in a 10-month-old French bulldog before
and after transpulmonary stent implantation. Note the change in the appearance of the
pulmonary artery (PA) waveform after stent implantation, with a drop in the diastolic pres-
sure signifying severe pulmonary insufficiency (ventricularization of the PA pressure trace).
Note also that the peak-to-peak pressure gradient across the pulmonary valve has fallen
from ~180 mm Hg pre to ~15 mm Hg post-stenting.

S

Fig. 8. Images during the post-dilation of an 8 mm diameter transpulmonary stent with a
14 mm diameter balloon in a 3-month-old Golden retriever. Note the initial length of the
transpulmonary stent after deployment (A). During post-dilation, the large balloon fails
to dilate the stent equally and the stent begins to foreshorten from the proximal aspect
(B). In the final image (C), the degree of proximal stent foreshortening, known as napkin-
ring formation, can be appreciated.
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Fig. 9. Migration of a transpulmonary stent in a 4-year-old border terrier with pulmonary
valve stenosis. The angiogram after deployment of the first stent (A) demonstrates poor
positioning as the stent migrated distal to the pulmonary annulus. Maintaining coaxial
wire position, a second stent is advanced into the first (B) and used to lock the migrated
stent in place. The final angiogram (C) demonstrates appropriate stent position and relief
of the stenosis at the level of the valve.

Fig. 10. Examples of stent fractures after transpulmonary stent implantation in dogs. Loss of
stent integrity and recurrence of stenosis are the primary complications seen after stent frac-
ture. Minimizing the amount of stent implanted into the right ventricle is the best mecha-
nism to avoid this complication.
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therisk of stent compression and fracture can be minimized if all or most of the stent can
be implanted at and above the level of the pulmonary valve annulus. Anecdotal experi-
ence suggests that fracture is most likely when the stent is deployed within the right
ventricular outflow tract, particularly one with systolic cavity obliteration (Fig. 10). Inter-
estingly, the 5 to 10 mm portion of the right ventricle immediately below the pulmonary
annulus seldom shows complete chamber collapse even in severely thickened right
ventricles. Paying attention to this area on angiography or CT may provide a guide to
where the stent can be deployed with less risk for compression. Admittedly, some
cases require the stent to extend proximal to the pulmonary annulus, but in such cases
the risk of compression and fracture should be clearly relayed to the family prior to
intervention.

Post-Operative Care

Following stent implantation, evaluation of the pulmonary arterial and right ventricular
pressures is performed as would be done for BPV assessment. Typically, a post-stent
right ventriculogram is performed to assess position and location of any dynamic
obstruction and verify stent position relative to the pulmonary annulus. Follow-up
care thereafter is comparable to a post-BPV patient with the addition of thoracic radio-
graphs on a once to twice per year timeframe to assess for fracture. The author’s pref-
erence is to continue beta-blockade for life in most dogs after TSI, though near
complete resolution of right ventricular hypertrophy or severe right ventricular
dysfunction may be indications to discontinue.

Post-operative use of anti-platelet or anti-coagulant medications can be considered
following TSI and is advocated by some authors. In the author’s experience, these
medications do not appear necessary given the high flow rate across the stent. How-
ever, if the dog has an underlying prothrombotic condition then prophylactic therapy
should be pursued. Additionally, when a covered stent is implanted, the author typi-
cally prescribes clodidogrel for 6 months and apixaban for 3 months to limit any
thrombotic reaction to the outer stent covering. Finally, if stasis of blood is observed
(often into a partially covered valve sinus) on the post-TSI angiogram, then anti-
thrombotic medications should be considered and prescribed.

SUMMARY

Pulmonary valve stenosis is frequently encountered in veterinary cardiology, with an
apparent increase in prevalence due to the popularity of brachycephalic breeds in
recent years. Despite this prevalence, evidence-based approaches to the care of these
dogs are lacking. Current therapy involves atenolol and BPV, with an emerging consid-
eration for TSI in dogs with dysplastic valves or those that do not respond to BPV.

CLINICS CARE POINTS

e The diagnosis of pulmonary valve stenosis should focus on more than just the peak pressure
gradient as determined by echocardiography — valve morphology (valve thickness, valve
fusion, fibrous adhesions, annular dimension) and secondary lesions (right ventricular wall
thickness, right atrial size, concurrent tricuspid insufficiency, right ventricular systolic
function, coronary artery anatomy) should also be evaluated to fully assess the dog with
pulmonary stenosis.

e The optimal treatment strategy for pulmonary valve stenosis in dogs is unclear, but several
transcatheter interventions are now available that may serve a greater role for the
variable valve morphologies encountered than conventional balloon pulmonary
valvuloplasty.
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Referral to a center capable of conventional balloon pulmonary valvuloplasty, high-pressure
balloon pulmonary valvuloplasty, cutting-balloon dilation, and transpulmonary stent
implantation may be helpful for a dog with pulmonary valve stenosis and complex anatomy
or for a dog that has failed to respond to pulmonary valve balloon dilation.
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