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KEY POINTS

e Implantable cardioverter-defibrillator devices can cardiovert or defibrillate tachyarrhyth-
mias via antitachycardia pacing or delivery of high-energy shocks; however, programming
issues in animals are still unresolved.

e Electrophysiological studies and catheter ablation have a proven track record of elimi-
nating tachyarrhythmias, especially accessory pathway-mediated tachycardias, focal
atrial tachycardia, and atrial flutter.

e Three-dimensional electroanatomical mapping integrates anatomic and electrophysiolog-
ical data into a single three-dimensional reconstruction of the heart, facilitating direct visu-
alization of activation wave fronts, low-voltage scar regions, and paced-matched
electrocardiographic morphologies.

e Stereotactic arrhythmia radiotherapy delivers high-dose external-beam radiation to non-
invasively ablate tachyarrhythmias but initial application in people is still being explored.

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

Antiarrhythmic medications are the current mainstay of treatment of tachyarrhythmias
in veterinary medicine, but many animals develop unacceptable side effects or remain
refractory despite multidrug regimens.” Inadequate control contributes not only to
persistent clinical signs and decreased quality of life, but also to progressive deterio-
ration in heart function leading to a dilated cardiomyopathy phenotype (ie,
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tachycardia-induced or arrhythmia-induced cardiomyopathy).’ However, even if med-
ications can reduce arrhythmia burden and clinical signs, they may not decrease the
risk for sudden death. There is no evidence from randomized controlled human trials
that antiarrhythmic medications, other than B-blockers, are effective at the primary or
secondary prevention of sudden death.?® Although comparable studies in veterinary
patients have not been performed, sudden death is still known to occur in dogs
receiving antiarrhythmic medications.* Pacemaker implantation is considered a
routine procedure for veterinary patients with medically unresponsive bradyarrhyth-
mias® but device and interventional therapies for tachyarrhythmias are underutilized
despite being potential first-line options."* This review will highlight background infor-
mation and potential veterinary applications of implantable cardioverter-defibrillators
(ICDs), electrophysiological mapping and catheter ablation, three-dimensional elec-
troanatomical mapping (EAM), and stereotactic arrhythmia radiotherapy (STAR).

IMPLANTABLE CARDIOVERTER-DEFIBRILLATOR

ICDs are a common treatment approach for people at high risk of sudden death,
particularly from ventricular tachycardia (VT) and ventricular fibrillation (VF).>> These
devices continuously monitor the heart rhythm and, when faced with pathologic tachy-
arrhythmias, can intervene in 3 possible ways: antitachycardia pacing, cardioversion,
or defibrillation.® Antitachycardia pacing involves delivering a short series of paced
beats faster than the tachycardia cycle length to disrupt reentrant VT. This maneuver
is not painful and is more effective at slower VT rates. In contrast, potentially painful
high-energy shocks are delivered for cardioversion (eg, if antitachycardia pacing fails)
and defibrillation. The shocks in the former are synchronized to avoid delivery during
the vulnerable period to cardiovert VT to sinus rhythm, whereas the shocks in the latter
are unsynchronized to rapidly defibrillate lethal VF (Fig. 1). Diseases treated by ICDs in
people include nonischemic cardiomyopathies (eg, hypertrophic, dilated, and arrhyth-
mogenic right ventricular cardiomyopathies), congestive heart failure with reduced
ejection fraction, ion channel disorders, and VT or VF without a readily reversible
cause.? Because the shocks can be painful and repeated shocks heighten the risk
of psychological disorders and decreased quality of life, the devices should be pro-
grammed to limit inappropriate shocks.?%’

Fig. 1. Intraoperative testing of an ICD in a Boxer dog. The ventricle was rapidly paced, and
then a shock was delivered on the T wave to induce VF. The top row is the surface lead Il
electrocardiogram, demonstrating VF initially. The bottom row illustrates intracardiac elec-
trograms. The device successfully identified rapid ventricular sensed beats (VS) associated
with VF and subsequently delivered a 30-J shock, which is indicated by the CD mark (cardio-
version/defibrillation energy delivery). Sinus rhythm was restored thereafter. Paper speed:
25 mm/s. (From Nelson et al.’%; with permission.)
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These devices can be placed either subcutaneously or transvenously. The subcu-
taneous devices consist of a subcutaneous lead implanted near the sternum, which
senses the underlying heart rhythm, and a pulse generator implanted in the left lateral
thorax.® The shock is directed through the heart between the coil and the generator.
These subcutaneous devices eliminate the risks associated with transvenous leads
(eg, thromboembolism), but they are not able to perform antitachycardia pacing or
cardiac pacing for bradyarrhythmias, which may be concurrent issues or occur after
shock delivery.® The transvenous leads are placed in the heart and consist of an active
or passive fixation tip with either 1 (single) or 2 (dual) defibrillation coils.® The shock can
be directed between the coil and the generator or between the 2 coils in dual defibril-
lation coil devices.®

The use of ICD devices has been investigated experimentally in dogs for many
years, with the first successful test in a dog occurring in 1969.'%'" Although ICDs
are not routinely placed in veterinary medicine, several case reports have investigated
their use in client-owned dogs.'®'2'° The ICD lead and generator have typically been
implanted transvenously in the right ventricle and in the thoracic wall to allow for the
current to travel across the heart.'® '3 Placement of the generator in the cervical re-
gion, as is typical for transvenous pacemakers, did not allow for successful defibrilla-
tion in at least one case.’®

Unfortunately, programming issues have limited the efficacy of ICDs in dogs. First,
although a 10 J safety margin above the tested defibrillation threshold (DFT) is recom-
mended to ensure reliable shocks, all reported cases in dogs required programming to
the maximum possible DFT.'%23 This led to a Doberman dying due to failure of the
device to terminate unstable VT despite delivering 6 high-energy shocks.'? Because of
this, another study evaluated different shock waveform configurations in 10 research
dogs to see if one may lower the required DFT in healthy dogs to accommodate a
safety margin. However, there was no statistically significant difference in mean
DFT or the mean differences in voltage, energy, and impedance at the DFT for
fixed-pulse or fixed-tilt configurations.'? Newer ICDs can deliver higher energy shocks
and thus may achieve appropriate safety margins, but this has not yet been investi-
gated in dogs. Second, the delivery of inappropriate shocks has been reported to
cause intense vocalization and distress in dogs.'®'® Monitoring of the heart rhythm
is dictated by human-based algorithms, so inappropriate shocks are easier to trigger
in dogs because dogs have faster sinus rates and their QRS complexes and T waves
are more similar in amplitude (and thus double counting of the T wave frequently oc-
curs).’®73 |n order to reduce this risk, it is recommended to place the lead in an area
where there is a 3-times difference between the R wave and T wave amplitudes.'®"®
However, despite adhering to these recommendations, sympathetic stimulation can
lead to increases in T wave amplitude along with heart rate, which have led to inappro-
priate shocks being delivered during exercise.'% '3 These dogs have required multiple
reprogrammings, and in one case, the owner elected to disable high-energy shock de-
liveries while retaining antitachycardia pacing capabilities because the shocks were so
distressing.'® ' Finally, dogs are at risk of infection of the device. Dogs in 2 reported
cases developed septic inflammation that warranted the removal of the device.®®
Therefore, permanent reduction of tachyarrhythmias are preferred for dogs.

ELECTROPHYSIOLOGICAL STUDIES AND CATHETER ABLATION

Cardiac electrophysiology studies, in which catheters are inserted into the heart to
record intracardiac electrograms, were first reported in dogs in 1993."* Unlike electro-
cardiograms that reflect whole surface electrical activity of the heart, intracardiac
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electrograms represent local electrical signals at a pinpoint site. Using fluoroscopy,
catheters are placed in varied locations in the heart to record from multiple sites. After
induction of tachyarrhythmia, these recordings would allow the clinician to deduce the
activation path based on the sequence in which intracardiac electrograms appear,
which may reflect a focal origin or a macroreentry circuit.” This, along with additional
strategies such as evaluation of electrogram morphology and pacing maneuvers, can
be used to identify critical sites that originate and/or propagate the tachyarrhythmia.
These sites are then targeted with radiofrequency catheter ablation.’'® Radiofre-
quency energy is delivered between the catheter tip and an indifferent electrode, usu-
ally an electrocautery-type grounding pad. Because energy in the radiofrequency
portion of the energy spectrum is poorly conducted by cardiac tissue, radiofrequency
energy causes resistive heating of the tissue at the catheter tip, resulting in irreversible
cellular damage at high temperatures (ie, coagulation necrosis). This eliminates elec-
trical activity at the target site and can terminate arrhythmias that depend on that site."
This technique has been successfully used for a variety of supraventricular tachycar-
dias in dogs, including orthodromic atrioventricular reciprocating tachycardia (ie,
accessory pathway-mediated tachycardia),'®'” permanent junctional reciprocating
tachycardia,® typical and atypical atrial flutter,’®" and focal atrial tachycardia.?? In
patients with atrial fibrillation that are refractory to rate-control medications, catheter
ablation of the atrioventricular node with simultaneous placement of a permanent
pacemaker is a palliative option to obtain rate control.?® Successful use is more limited
for ventricular arrhythmias, but it has been beneficial in English bulldogs with a focal
area of aneurysmal tissue in the right ventricular outflow tract.?

Orthodromic atrioventricular reciprocating tachycardia has been the most common
tachyarrhythmia treated by catheter ablation in dogs.'®'” The reported long-term suc-
cess rate with catheter ablation is high at ~97% to 98%.'%'7 Recurrence occurred in
3% to 8% of dogs, but these cases were successfully treated with a second proced-
ure.'®'” There is a low rate of major complications (5%-7%),'®'” which included
death during induction of general anesthesia, VF, and third-degree atrioventricular
block. Minor complications include self-limiting hematoma at the femoral vein access
site and transient first-degree and second-degree atrioventricular blocks. At this time,
information on the treatment of the other tachyarrhythmias in dogs is mainly limited to
small case series or case reports.

The major disadvantage of conventional electrophysiological studies is their reli-
ance on fluoroscopy for anatomic positioning and catheter visualization. Because fluo-
roscopy captures the 3-dimensional shape of the heart onto a 2-dimensional image, it
is difficult to determine the precise location of an intracardiac electrogram within the
heart and returning to a previously investigated site depends on operator recall. There-
fore, conventional mapping may be time-consuming and require large amounts of ra-
diation exposure as catheters are continuously repositioned. Although conventional
mapping is highly successful especially in guiding catheter ablation of discrete target
sites, application in tachyarrhythmias with complex circuits, anatomy, and/or sub-
strates proves more challenging.

THREE-DIMENSIONAL ELECTROANATOMICAL MAPPING

Three-dimensional EAM allows nonfluoroscopic integration of both anatomic and
electrophysiological data into a single 3-dimensional reconstruction of the heart,
combining precise geometry of heart chambers, display of electrical activation se-
quences and voltages of tissues, and real-time position and movement of intracardiac
catheters. This technology has resulted in improved clinical outcomes in people with
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anatomically or electrically complex tachyarrhythmias.?® Feasibility, safety, and po-
tential complications have been documented in isolated reports involving laboratory
dogs,?® client-owned dogs,?’~2° and horses.>%>"

Commercially available EAM systems include CARTO 3 (Biosense Webster, Dia-
mond Bar, California), EnSite Precision and X (Abbott, Chicago, lllinois), and Rhythmia
HDx (Boston Scientific, Cambridge, Massachusetts), all of which use a combination of
magnetic-based and impedance-based technologies to achieve localization accuracy
within a 1-mm margin of error.2° The CARTO 3 system consists of a location pad (con-
taining 3 low-level magnetic-field-emitting coils arranged as a triangle) placed under
the patient table and 6 electrode patches positioned on the thorax (3 ventrally and 3
dorsally). A location sensor is embedded in the tip of specialized mapping catheters
that can detect the magnetic field strength from each coil. Because the distance be-
tween the sensor and a coil is inversely proportional to the measured magnetic field
strength, the distances between each of the 3 coils can be calculated to triangulate
the position of the catheter.>?> Additionally, the system sends a small current across
the catheter electrode and each of the 6 patch electrodes with distinct frequencies,
creating a unique current ratio for each location in the heart. This impedance-based
modality augments the accuracy of magnetic localization and enables respiratory mo-
tion compensation.®® EnSite X is the newest EAM platform set to replace its predeces-
sor, EnSite Precision. For impedance-based tracking, the EnSite systems uses 3 pairs
of skin patches (positioned on the sides of the patient for the x-axis, on the chest and
back for the y-axis, and the back of the neck and inner left thigh for the z-axis) and a
system reference patch. The electrical current transmitted between the skin patches
through the thorax causes a drop in voltage across the heart. Intracardiac catheters
can then read the relative voltages and calculate an impedance gradient in relation
to the reference electrode for localization. The Precision system later added 2 sensors
and a magnetic field frame to incorporate magnetic-based tracking,** with the EnSite
X continuing to use both technologies. For Rhythmia HDx, the magnetic tracking
feature requires one sensor-coil-embedded back patch and a magnetic field gener-
ator under the patient’s table, whereas the impedance field is generated by applying
currents to the back patch, patches for the electrocardiographic limb leads, and the
V1, Vs, and Vg chest leads.®®

The value of EAM is its ability to portray electrophysiological data in a color-coded
manner on an anatomic shell. This shell is constructed by aggregating all electrode lo-
cations associated with accepted beats, with the locations of the outermost elec-
trodes defining the endocardial surface of a chamber. Additionally, anatomic data
from computed tomography, MRI, and intracardiac echocardiography can be incor-
porated for more accurate and vivid anatomic descriptions (Fig. 2).°¢ The electroana-
tomical maps include activation maps, voltage maps, and pace maps. Entrainment
mapping is also commonly performed to delineate reentrant tachyarrhythmias and
definitively locate the isthmus (slowly conductive myocardial tissue bordered by
nonconductive tissue that represent a key site for perpetuation, and hence ablation,
of a tachyarrhythmia), although the sites of interest are typically annotated onto acti-
vation maps.

Activation mapping displays the electrical activation sequence of a heart rhythm
across the anatomic shell. At the mapping catheter tip, the steepest negative slope
of the unipolar intracardiac electrogram and the first sharp peak of the bipolar intracar-
diac electrogram seem to correlate best with local depolarization.®” The difference in
time between these features and a fixed reference (time = 0 ms) is the local activation
time (LAT); the reference can be derived from a surface electrocardiographic feature or
an invariable intracardiac electrogram (eg, from a decapolar catheter wedged into the
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Fig. 2. Integration of intracardiac echocardiography to outline the posterior papillary mus-
cle (PPM). (A) A long-axis image of the left ventricle obtained from intracardiac echocardi-
ography is displayed in the CartoSound module on the CARTO 3 system. The PPM is traced
and converted into an anatomic shell by the software; intracavitary structures are not nor-
mally seen on EAM because anatomic shells are derived from points obtained from the
outermost surfaces of a cavity. (B) Anatomic shells of the left ventricle and the PPM are
shown. The left ventricle is displayed from the posterior aspect and made 25% transparent.
Each individual point signifies the LAT of an intracardiac electrogram, color-coded from red
(<—84 ms) to purple (>—28 ms); the reference time was selected from a distinct notch on the
surface QRS complexes (not shown). There is evidence of centrifugal activation starting from
the tip of the PPM. Radiofrequency ablation targeting near the early activation eventually
resulted in termination of the patient's frequent ventricular premature complexes. AV,
aortic valve.

coronary sinus).?° The EAM system can then graphically represent all the LATs by a
static color-coded map or a video portraying a moving wave front of activation, facil-
itating visualization of the origin and/or path of tachyarrhythmias. A focal tachyar-
rhythmia is diagnosed when centrifugal spread occurs from a circumscribed site of
early activation, and ablation is targeted to this earliest site of activation (see
Fig. 2B and Fig. 3A). In contrast, a macroreentrant tachyarrhythmia is diagnosed
when continuous activation, occurring throughout the cycle length, circles around
conduction barriers to return to the earliest site of activation; ablation is then targeted
at a vulnerable isthmus within the circuit (Fig. 3B; Video 1).%% The main limitation of
activation mapping is the requirement for ongoing hemodynamically tolerable tachy-
arrhythmia with a stable cycle length and morphology. General anesthesia may sup-
press arrhythmogenicity, so appropriate anesthetic drug selection is paramount to
ensure inducibility of clinical arrhythmias.®® VT in the context of structural heart dis-
ease and compromised heart function is particularly challenging because patient sta-
bility may preclude completion of activation maps.

Tachyarrhythmias, especially VT, in ischemic and nonischemic cardiomyopathies
are usually caused by myocardial reentry in areas of patchy scar or at scar borders,
where anisotropic conduction and unidirectional block frequently occur.*® Substrate
mapping assumes that surrogates for a reentrant isthmus, produced in the context
of fixed barriers of inexcitable scar, can be recognized during sinus rhythm. Because
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Fig. 3. Three-dimensional activation maps illustrating a focal rhythm and a reentrant
rhythm in the right atrium. (A) The right atrium is seen from the right lateral aspect, with
the cranial vena cava (CrVCQ), caudal vena cava (CaVC), and tricuspid valve (TV) orifice delin-
eated. Each individual point signifies the LAT of an intracardiac electrogram, color-coded
from red (<—52 ms) to purple (>—3 ms); the reference time was selected as the peak positive
deflection on a coronary sinus intracardiac electrogram from a separate decapolar catheter
(not shown). There is evidence of centrifugal activation from the posterolateral aspect of
the right atrium bordering the tricuspid valve annulus. After ruling out atrioventricular
accessory pathways, this was interpreted as focal atrial tachycardia. (From Hsue, et al.?’;
with permission.). (B) The right atrium is seen from the right lateral aspect, with the CrvVC
and right atrial appendage delineated. The higher density of points was acquired from
multielectrode mapping as opposed to point-by-point mapping. The ranges of color encom-
pass the entire cycle length (~ 180 ms). Again, the reference time was selected as the peak
positive deflection on a coronary sinus intracardiac electrogram from a separate decapolar
catheter (not shown). There is evidence of early-meets-late (red-meets-purple) activation,
which is characteristic of reentry circuits. This is diagnostic of CrVC flutter.

this modality is not dependent on inducibility of sustained tachyarrhythmia, modern
ablation strategies in people are increasingly reliant on substrate modification. Sub-
strate mapping may involve identification of late or split potentials indicative of
abnormal signal propagation and slow conduction*' but it typically signifies voltage
mapping (Fig. 4).2” Scar is electrically inert and does not have a voltage. Rather, the
admixture between collagen and surviving tissue is reflected as low-voltage areas;
very low voltages represent dense scar with the greatest concentration and confluence
of fibrosis. This was first validated in porcine postinfarction models and in human con-
trols, where bipolar amplitudes less than 1.5 mV corresponded with gross anatomic
scar in the ventricles.*>*® The thresholds from these studies, where dense scar was
defined as less than 0.5 mV and the border zone was defined as 0.5 to 1.5 mV, are uni-
versally implemented to represent scar regions in human clinical cases. Substrate
mapping can also be applied to the atria; bipolar amplitudes of 0.2 to 0.45 mV correlate
with scar in people who had undergone an earlier atrial fibrillation ablation.** However,
substrate mapping has limitations. First, the exact voltage cutoffs in dogs are not
described. Furthermore, electrogram voltages can be influenced by a variety of factors,
including conduction velocity, fiber orientation and curvature, the relationship of fiber
orientation to the propagating wave front, tissue contact, and characteristics of the
recording catheter.*! Finally, tachyarrhythmias may not always emanate from scar tis-
sue even in those with structural heart disease. Therefore, other mapping techniques
are ideally incorporated to further characterize the low-voltage scar regions.

Pace mapping is another modality that can circumvent the requirement for sustained
tachyarrhythmias. It involves stimulating different endocardial sites and evaluating the
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Fig. 4. Three-dimensional bipolar voltage map of the right and left ventricles in a Boxer.
(A) The left and right panels contain a surface V, lead tracing on the top and a correspond-
ing intracardiac ventricular electrogram on the bottom; the red and yellow dotted line
represent annotations for LATs. The left panel demonstrates a normal bipolar (Bi) intracar-
diac electrogram. Note the sharp signals with ample amplitude, consistent with rapid and
uniformly conducing myocardium. The right panel demonstrates a fractionated Bi electro-
gram. Note the diminished amplitude and multicomponent signals, consistent with both
decreased number of conducting myocytes and multidirectional conduction characteristic
of scar tissue. (B) The anterior surfaces of the right ventricle (RV) and left ventricle (LV)
are shown. Each individual point on the heart signifies the Bi voltage amplitude of an intra-
cardiac electrogram acquired during sinus rhythm, color-coded from red (<0.5 mV) to pur-
ple (>1.5 mV). This Boxer had suspected electroanatomic scar (Bi voltage areas <1.5 mV) at
the anterior endocardial surface of the right ventricular outflow tract (RVOT), suggestive of
arrhythmogenic right ventricular cardiomyopathy. (From Crooks et al.?”).

resulting surface electrocardiographic morphologies, where the probability of obtain-
ing an exact match with the clinical tachyarrhythmia morphology is inversely correlated
with the distance between the paced site and the site of the focal arrhythmic origin (ie, a
perfect match suggests that the paced site is the ideal ablation site). This is usually
applied to VT as matching P’ wave morphologies for atrial tachycardias is more chal-
lenging. Computerized algorithms (eg, the PASO [PAce mapping SOftware] module
on CARTO) allow quantification of the concordance between paced and spontaneous
ventricular ectopic morphologies and the generation of “pace maps” with precise
spatial localization, which can dramatically improve the precision of pace mapping
(Fig. 5).2%45 However, it is important to recognize that concordance of QRS morphol-
ogies may be affected by pacing settings and structural limitations. For example, high
pacing outputs may capture both “near” and “far” myocardium, altering the QRS
morphology; the lowest possible output is thus recommended. Pacing at the VT cycle
length is also advised as different rates may alter functional properties and the conduc-
tion profile. Additionally, origins in deep muscle may not be faithfully reproduced with
endocardial pace mapping. Finally, QRS morphologies can differ in the presence of
pathologic scar because radial impulse propagation from the catheter tip may not
mimic a wave front emerging from an exit site, myocardial fusion of 2 or more wave
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Name cL Time  Correlation

Is:1 572 10:05 None

L GVED 882 09:14 A7 0.950 1-LV VO... 294

Fig. 5. Three-dimensional pace map of the left ventricle. (A) The left ventricle is shown from
the right anterior surface. The color represents the percentage of correlation (correlation
index or Corr) between ventricular complex morphologies of local paced-mapped signals
(PM) and intrinsic ventricular premature complex signals (IS), ranging from purple (<80%)
to red (>95%). The large red points symbolize the 2 ablation sites that resulted in the termi-
nation of the underlying ventricular arrhythmia. The white arrow points to the location
(marked by an asterisk) with the highest correlation. (B) The PASO module, an automated
template matching program associated with the CARTO 3 mapping system, has calculated
a correlation index for the marked point in (A). Here, the morphologies of the 38th PM
(PM:38, illustrated in green in the 12-lead electrocardiogram) and the 1st IS (IS:1, illustrated
in yellow) are compared, with individual correlations calculated for each lead. The overall
correlation is 0.950 or 95%. AV: aortic valve; LVA: left ventricular apex. (From Hsue
et al.?8; with permission.)

fronts from different exit sites may occur, or areas of functional block that facilitate
reentry may be absent during pace mapping.®

Although 3D EAM has been used in human medicine for the last 2 decades, expe-
rience in companion animals is limited. The accuracy of EAM maps is not clinically vali-
dated in companion animals. Patient size is also a major limiting factor, as both the
standard ablation catheters and the high-density mapping catheters of the major
EAM systems are 7 to 8 French in size. Nevertheless, Hellemans and colleagues suc-
cessfully mapped all 4 chambers during sinus rhythm using the CARTO system in 8
healthy beagles (11.2-15.7 kg), demonstrating that EAM can still be used for
medium-sized dogs.?® However, although resolution of the clinical arrhythmia has
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been achieved in isolated cases without significant structural heart disease,?®2° clin-
ical benefit in dogs with structural heart disease, the population most often presenting
with significant tachyarrhythmias, is ultimately unknown. In 5 Boxers with symptom-
atic VT, only the number of VT runs showed consistent improvement following EAM
and catheter ablation, whereas the total ventricular ectopic burden did not always
decrease.?” Additionally, structural heart diseases are often progressive and the ben-
efits of these interventions on long-term survival are unclear. Importantly, the safety
profile and possible complications of the procedures are not fully defined, given the
small number of published cases. Most documented complications relate to intrao-
perative or immediate postoperative arrhythmias including tachyarrhythmias and
even third-degree atrioventricular block, which were all self-limiting.252” Pericardial
effusion necessitating pericardiocentesis was observed in one case, although this
was likely related to the atrial transseptal procedure performed.?® Vascular access
site bleeding and even an episode of retroperitoneal hemorrhage were documented,
although this was likely contributed by the perioperative anticoagulants adminis-
tered.?” However, persistent pelvic limb lameness and new aortic regurgitation
observed in one dog were complications that had more lasting consequences.?’
Nevertheless, no intraoperative or immediate postoperative deaths have been re-
ported thus far, and safety will likely improve as more experience is accumulated.

Although EAM can increase spatial understanding of tachyarrhythmias in relation to
the anatomy, it is still paramount to adhere to basic electrophysiological principles to
navigate the limitations of each mapping technique. Integrating multiple mapping
techniques will also compensate for individual weaknesses. For example, the origin
sites of focal tachyarrhythmias are often characterized by fractionated electrograms
even in the absence of structural heart disease,?? and pursuing these characteristics
may further refine potential target sites identified on activation mapping. Nevertheless,
EAM facilitates visualization and intuitive comprehension of intracardiac electrogram
sequences and contact electrogram characteristics, and it will likely be instrumental
in successful ablation of anatomically and electrically complex arrhythmias.

STEREOTACTIC ARRHYTHMIA RADIOTHERAPY

Noninvasive ablation of VT secondary to structural heart disease using stereotactic
body radiation therapy has been gaining traction in human medicine.*’*® STAR de-
livers precise high-dose external-beam radiation to the underlying arrhythmogenic
substrate while minimizing damage to normal adjacent tissue. It can overcome
inherent limitations of catheter ablation, particularly if the arrhythmogenic site is
located deep within the myocardium or on the epicardial surface where endocardial
ablation is difficult to reach. Preclinical evidence suggests that clinical radiation doses
(namely 25 Gy) increase electrical coupling and conduction velocity in the heart by
enhancing conduction protein function and expression (eg, sodium channels and
gap junctions).*® As such, restoration of electrical conduction may represent a new
paradigm in antiarrhythmic treatment.

Although STAR is appealing because of its noninvasive nature, many technical as-
pects are not established in veterinary medicine. The biggest challenges are as fol-
lows: (1) how to precisely define the target sites and (2) how to accurately deliver
radiation therapy in relation to cardiac and respiratory motions. In humans, multiple
modalities are used to delineate the arrhythmogenic substrate, both structurally and
electrically. Because scar-related reentry is the major mechanism for VT secondary
to ischemic and nonischemic cardiomyopathies, structural scar is the main target
and can be outlined using radionuclide imaging, computed tomography, and/or
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MRI.%"8 Because not all scar tissue is arrhythmogenic, refining the electrical sub-
strate within the scar is accomplished using minimally invasive EAM or noninvasive
electrocardiographic imaging. Electrocardiographic imaging uses body surface elec-
trodes to map epicardial potentials, electrograms, and activation sequences onto a
cardiac computed tomography scan.*® However, none of these diagnostics is routine
in veterinary medicine. Furthermore, compensation for both cardiac and respiratory
motions is not often performed for existing stereotactic body radiation therapies in
veterinary practice. In summary, although significant technical gaps need to be
addressed, STAR has become a promising novel treatment of refractory VT in humans
and may offer the same for veterinary species.

SUMMARY

Device and interventional therapies are available for veterinary patients that cannot
tolerate or are refractory to antiarrhythmic medications. Implantable cardioverter-
defibrillators can reduce the likelihood of sudden death, although improvements in
shock delivery and programming are needed. Catheter ablation has been successful
in eliminating tachyarrhythmias in veterinary patients, and EAM may further improve
visualization and treatment of complex tachyarrhythmias. Stereotactic arrhythmia
radiotherapy may promise noninvasive termination of tachyarrhythmias, but this is
just beginning to be investigated in people.
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