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Abstract

An estimated 4 million Americans currently have atrial fibrillation (AF), the most common form of
cardiac arrhythmia. The annual growth rate of AF is approximately 9.2% and advanced statistical
analyses project that the prevalence of AF will be 12.1 million in the United States by 2030. The
current therapeutic options to treat AF put certain patient groups at a high risk for a serious
bleeding event, stroke or thromboembolism, myocardial infarction, and death. The most effective
treatment for AF—catheter ablation—has been widely reported to require repeat operations and
only leaves 59.4% of patients AF-free after five years. A majority of the reported complications
and increased risks for catheter ablation occur because the procedure is invasive. Thus, there is a
need for a novel, non-invasive therapeutic option to treat AF that can potentially expand the
treatable patient population, increase patient safety, and improve clinical outcomes. CyberHeart
Inc. has been exploring the efficacy and potential of cardiac radiosurgery as an option to treat
heart conditions such as AF. With its proprietary CardioPlan™ software, the CyberHeart System
utilizes the Cyberknife stereotactic radiosurgery platform to non-invasively ablate the heart. Early
studies have displayed that the CyberHeart System is highly accurate at delivering radiation to
cardiac targets and effective at minimizing radiation exposure to healthy tissue that is in close
proximity to the targeted anatomic region. The focus of this review is to present the current stan-
dard of treatment for AF, identify the specific patient population that is at a high risk for the cur-
rent treatment modalities, and address the potential for the CyberHeart Stereotactic Radiosurgery
System to noninvasively ablate cardiac tissue and return sinus rhythm to patients with AF.
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1. Introduction

An estimated 4 million Americans currently have atrial fibrillation (AF), the most common form of cardiac arr-
hythmia [1] [2]. The annual growth rate of AF is approximately 9.2% and advanced statistical analyses project
that the prevalence of AF will be 12.1 million in the United States by 2030 [3]. The hospitalizations with AF as
the primary diagnosis exceed 460,000 a year, and AF contributes to more than 80,000 annual deaths [4]. Cost of
hospitalization for patients with AF is approximately 3 times more than those without, resulting in an incremen-
tal cost for AF that ranges from 6 to 26 billion USD annually [1] [4].

It is reported that 70% of individuals with AF have an age between 65 and 85 years [5]. While AF is not
thought to be an immediately life-threatening morbidity, it is associated with an elevated risk of death [5].
Symptomatic AF increases risk for stroke or thromboembolism, is associated with increased mortality, and can
significantly affect quality of life [1]. Twenty-percent of all strokes are secondary to AF and it has been noted
that strokes that result from AF are more disabling and have greater clinical significance than other forms of
strokes [6]. From the Framingham cohort, it is found that the total mortality odds ratio is 1.5 and 1.9 for male
and female patients with AF, respectively [5] [7]. The length of hospitalizations for patients with AF has been
observed to be longer than the recorded times for other patients, and there are significant concerns with the de-
crease in quality of life that current treatment strategies mandate [5].

The current therapeutic options to treat AF put certain patient groups at a high risk for a serious bleeding
event, stroke or thromboembolism, myocardial infarction, and death. This results in a considerable number of
patients with AF that are unable to be treated. The most effective treatment for AF is an invasive procedure—
catheter ablation—that has been widely reported to require repeat operations and only leaves 59.4% of patients
AF-free after five years [8]. Moreover, certain patient with such as those chronic kidney disease or other
co-morbidities is at a high risk for complication for a catheter ablation procedure. The focus of this review is to
present the current standard of treatment for AF, identify the specific patient population that is at a high risk for
the current treatment modalities, and address the potential for the CyberHeart Stereotactic Radiosurgery System
to noninvasively ablate cardiac tissue and the return of sinus rhythm to patients with AF.

2. Overview of Current Therapies for Atrial Fibrillation

There are currently two main therapeutic strategies used treat AF: rate control and rhythm control. Rate control
strategies typically utilize medicine such as beta-blockers, dihydropyridine CCB, and digoxin [9]. Rhythm con-
trol strategies either use antiarrhythmic drugs or invasive catheter ablation procedures. Typical antiarrhythmic
drugs include: amiodarone, dronedarone, dofetilide, flecainide, propafenone, and sotalol [9]. For AF patients
that are at a high risk for stroke or thromboembolism, antithrombotic drugs such as warfarin, aspirin, prasugrel,
and dabigatran are used [9].

3. Catheter Ablation for the Treatment of Atrial Fibrillation

Catheter ablation for atrial fibrillation is one of the most complex, technically challenging interventional elec-
trophysiologist procedures [10]. It requires extensive intra-cardiac catheter manipulation and ablation, consis-
tently two or more transseptal punctures, and often-systemic anti-coagulation [10]. As a consequence of the in-
herent technical demands of this procedure, the risk for AF ablation is often higher than it is for other forms of
cardiac arrhythmia [10]. Complications for catheter ablation for AF can result in prolonged hospitalization,
long-term disability, and death [10]. Common complications include: cardiac tamponade, pulmonary vein steno-
sis, esophageal injury, various vascular complications, stroke, phrenic nerve injury, TIA, pericarditis, mitral
valve trauma, and others [10] [11].

3.1. Complications

In a study conducted by Deshmukh et al., the data for in-hospital complications of catheter ablation for atrial fi-
brillation were analyzed for 93,801 procedures throughout America from the time period of 2000 to 2010 [12].
The data—which utilized statistics from the Nationwide Inpatient Sample (NIS)—represents approximately 20%
of the community hospitals in the America [12]. The reported incidence of in-hospital deaths from the study was
0.42%. Frequency of procedural complications of any nature was 6.29%, which computes to 5909 complications
over the ten-year span of the study [12]. The majority complications for this study occur as result of the proce-
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dure being invasive and can be categorized as: cardiac complications (2.54%), vascular complications (1.53%),
respiratory complications (1.3%), and neurological complications (1.02%) [12]. A year-by-year breakdown of
the data displays that the frequency of complications per 100 ablation procedures was 5.33 in 2000 but increased
to 7.48 in 2010 [12]. There was not a definitive explanation for the upsurge in complications per 100 patients in
2010. In agreement with previous studies, Deshmukh et al. showed that women notably had an increased com-
plication rate of 7.51%, which was greater the 5.49% complication rate for men [12]. Another significant trend
illustrated is that older patients (age > 80) undergoing catheter ablation have a complication rate of 9.37%,
which is greater than the complication rate for younger patients (age < 80) [12]. Other important patterns re-
vealed that complication rates significantly increased for patients with certain comorbidities. Patients with the
comorbidities as follows were at a higher risk for complication: history of diabetes (complication rate = 17.83%),
history of chronic pulmonary disease (complication rate = 23.07%), fluid-electrolyte deficiency or renal-failure
(complication rate = 23.25%), anemia of coagulopathy (complication rate = 14.71%) [12].

The frequency of cardiac tamponade—the most life-threatening complication for patients undergoing catheter
AF ablation—in the study by Deshmukh et al. was 1.52% although, due to limitations of the study, the occur-
rence of cardiac tamponade could not be tracked beyond hospitalization [12]. Other studies report occurrence of
cardiac tamponade at 6% [12]. In a Worldwide Survey, cardiac tamponade accounted for 25% of all fatalities for
peri-procedural complications [10] [13]. There are three main reasons cardiac tamponade occurs: misdirected
transspetal punctures, direct mechanical trauma through the LA appendage, and overheating during radiofre-
quency energy delivery, which sometimes results in a steam pop [10]. Two Worldwide Surveys of AF Ablation
reported 1.2% and 1.3% incidence of cardiac tamponade [10] [14] [15]. For catheter ablation procedures that
utilized a cryoballoon, the prevalence of cardiac tamponade was 1.5% [10].

Pulmonary vein stenosis is another complication that may transpire during catheter ablation for AF due to
thermal injury to the pulmonary veins and musculature [10] [12]. The Worldwide Survey of AF ablation re-
ported a 0.32% incidence of acute PV stenosis and 1.3% incidence of persistent PV stenosis [10]. Additionally,
esophageal injury may occur as a consequence of direct thermal injury or ischemic injury from thermal occlu-
sion of end-arterioles [10]. Some forms of esophageal injury such as left atrial-esophageal fistula have a mortal-
ity rate of 80% [10]. The extent of thromboembolism caused by catheter ablation has been reported up to 7% [10]
[16] [17]. The study by Deshmukh et al. reported a combined frequency of TIA and stroke of 1.52% [12].
Thromboembolisms typically arise within 24 hours of the procedure; however, the high-risk period extends for
the first two weeks after the procedure [10] [12]. The published prevalence of vascular complications due to ca-
theter ablation ranges from 0% to 13% [10] [12]. Deshmukh et al. discovered a significant increasing trend for
vascular complications and reported a vascular complication rate of 3.38% [12]. Serious vascular complications
can lead to substantial morbidity and may require open surgery repair or blood transfusion [10].

3.2. Recurrences

Reported recurrences of AF after initial catheter ablation typically range from 20% to 40% [10] [18]. A study
that followed 1220 patients from 2003 to 2009 tracked the prevalence of repeat procedures of catheter ablation
for AF. The study found that 328 (26.9%) patients required one repeat catheter ablation, and 42 patients (3.4%)
underwent a second repeat ablation [8]. After five-years, 59.4% of patients were AF-free after one procedure [8].
There were a total of 376 repeat ablation procedures on 328 patients [8]. A later examination of the cohort of pa-
tients, inclusive to those that had a second and third catheter ablation procedure, found that restoration of sinus
rhythm was only 83.4% (1018 of 1220 patients) [8]. The study also found that a Left Atrium Diameter indexed
to body surface area (LADI) of 24.0 mm/m?, age of 65, and a number of ineffective antiarrhythmic drugs are
significant clinical predictors of AF recurrence after a catheter ablation procedure [8] [19].

A study by Shah et al. tracked a cohort of 4156 patients using data from the California State Inpatient Data-
base for the time period of 2005 to 2008 [11]. The study, which included rate of repeat procedures for first time
patients of catheter ablation for atrial fibrillation, displayed similar results for the necessity of repeat catheter
ablation procedures. After one-year, 22% of patients were re-hospitalized for arrhythmia recurrence or repeat
ablation and after two-years 30% were affected for the same reasons [11]. These reports of frequent recurrence
of arrhythmia and requirement for additional ablations are consistent with other studies; namely, a study of ran-
domized controlled trials reported AF recurrence in 13% to 44% of AF ablation recipients, and a worldwide
survey of centers offering AF ablation reported recurrence in 48% to 57% of recipients [11] [15] [20] [21]. For
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patients with risk factors of HTN and hyperlipidemia, the recurrence rate was 75% [10]. One study that followed
patients for up to five years after their first catheter ablation for AF found that only 29% of patients were AF
free after a single ablation procedure; another study that tracked 264 patients reported that the recurrence rate for
of AF five years after patients received their first ablation was 25.5% [11] [22] [23]. The findings that there is a
high recurrence of AF after catheter ablation and a consistent necessity for repeat ablation procedures are in
complete accord with previous reports [10] [11] [22] [24]-[28].

As aforementioned, catheter ablation is a technically complex procedure. The specific skills required to per-
form a catheter ablation include transseptal needle puncture and cannulation of the LA, precise control of the
catheter for both mapping and ablation, ability to discern the pulmonary ostia, adjustment of the energy used for
ablation, use of fluoroscopy, radiographic contrast for imaging, and 3D mapping systems or intra-cardiac echo-
cardiography [10]. The high degree of technical competence and complex nature of performing a catheter abla-
tion for AF may be a reason why there are statistical trends that link the annual operator volume and case vo-
lume with the overall frequency of complications per year [12]. More specifically, when there was less than 50
cases a year in a center with less than 25 operators there was a higher chance of an adverse outcome than when
there 25 to 50 operators for a center that performed more than 50 cases a year [12].

Another complication trend, which likely occurs as a result of the technical requirements of catheter ablation,
is the reported incidence of higher complication rates outside of experienced academic hospitals. The reported
rate of procedural complications at experienced academic hospitals has been reported to be between 1% and 8%,
which is less than the procedural complication range reported in non-academic settings (7% to 10%) [11] [15]
[22] [29]. It is important to realize that the current complications that are prevalent occur due to the invasive na-
ture of the current procedure. However, if a non-invasive, procedure that allowed the operator to easily make
highly precise ablations using 3D software (such as CyberHeart) was available, it would be unlikely that trends
that result from variation in experience and technical competence occur.

Catheter ablation of AF may not be an appropriate procedure for all ages. It must be acknowledged that there
are not currently special catheters that can be used on pediatric patients with AF that possess significantly
smaller heart chambers than adults [30]. Accordingly, the degree of difficulty to perform a catheter ablation on a
pediatric patient is likely higher and requires the electrophysiologist to be tremendously technically competent.
A study conducted by Mills et al. that tracked forty-two pediatric patients from 1996 to 2011 discovered that the
rate of recurrence of atrial fibrillation was 39% [31]. Also, the complication rate for patients that are older than
80 years old is 9.37% [12]. Elderly patients likely have an increased complication rate due to the normal deteri-
oration of physiological capacity that occurs with age and an increased prevalence of co-morbidities. An entirely
non-invasive treatment that can precisely ablate cardiac tissue has the potential to be extremely beneficial and
advantageous for the future treatment pediatric and elderly patients.

4. Risk of Current Therapies for Atrial Fibrillation
4.1. Risk of Antiarrhythmic Drugs for AF Treatment

The use of antiarrhythmic medications to manage AF is therapeutic strategy that is frequently selected [32]. The
objective of antiarrhythmic drugs is to reduce the frequency and duration of arrhythmia episodes in addition to
reducing mortality and need for hospitalization for AF [32]. Limitations of antiarrhythmic drug therapy include
proarrhythmic and non-cardiovascular toxicities, and only having modest antiarrhythmic efficacy [32].

Antiarrhythmic drugs that can lead to a multitude of cardiovascular and non-cardiovascular side effects [32].
Drugs that utilize the potassium channels to slow the heart rate such as sotalol and dofetilide have can have sig-
nificant effects on potassium currents and prolong the action potential duration and refractory periods [32].
Amiodarone and dronedarone can also affect action potential duration and refractory periods [32].

Amiodarone is the most commonly prescribed antiarrhythmic drug, accounting for 45% of all U.S. annual
drug prescriptions [32]. Sinus bradycardia is the major cardiovascular side effect of amiodarone. Also, QT pro-
longation that can sometimes be associated with TDP (<0.5%) is another possible side effect. Other non cardi-
ovascular side effects include acute hypersensitivity pneumonitis, chronic interstitial infiltrates, hepatitis, thyroid
issues, photosensitivity, nausea and others [32].

Approximately 26% of annual antiarrhythmic drug prescriptions in the US are solatol [32]. Because sotalol is
renally cleared, it cannot be prescribed if a patient has creatinine clearance that is less than 30 mL/min [32]. A
possible risk of sotalol is ventricular proarrhythmia (TDP) due to an increase in potassium channel blocking
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with increased doses. Possible risks of sotalol include brachycardia, torsades de pointes, and bronchospasm [32].
Other drugs such as flecainide and propafenone represent 10% of the US annual antiarrhythmic drug prescrip-
tions and are typically prescribed to patients with AF that have no structural heart disease. The side effects of
both drugs are associated with a significant increase in incidence of atrial flutter [32]-[34]. Also, both flecainide
and propafenone are contraindicated for individuals with previous myocardial infarction and reduced left ven-
tricle function because of increased risk of ventricle proarrythmia [32] [35] [36]. For patients taking flecainide,
dizziness and visual disturbance occur as side effects in 5% - 10% of all patients [32] [35]. Major non-cardi-
ovascular side effects of propafenone include a metallic taste, dizziness, and other visual disturbances [32].

4.2. Risk of Antithrombotic Drugs for AF Treatment

Atrial fibrillation increases risk of stroke by a factor of five [37] [38]. To reduce the risk of stroke, antithrom-
botic drugs are often prescribed to patients with AF; however, antithrombotic drugs also increase risk of bleed-
ing and can lead to death [39]. There are two different categories of oral anticoagulants that are currently used:
vitamin K antagonists (VKAs, e.g. warfarin) and non-VKA oral anticoagulants such as direct thrombin inhibitor
(dabigatran) or oral factor Xa blockers (rivaroxaban, apixaban, edosaban) [39] [40]. The occurrence of major
bleeding events is the primary concern when using antithrombotic drugs [39]. Major bleeding events that can
occur are typically defined by the following criteria: fatal bleeding, symptomatic bleeding in a critical area or
organ, intraspinal, intraocular, retroperitoneal, intra-articular or pericardial, intramuscular with compartment
syndrome, bleeding causing a fall in hemoglobin level of 20 g/L or more, or an event that leads to transfusion of
two or more units of whole blood or red cells [39] [41].

4.3. Risk of Catheter Ablation for AF Treatment

Catheter ablation for AF has the risk of complications that can lead to long-term disability and death [10]. Please
see section 3 for additional information on the risk of catheter ablation for AF treatment (chance of complica-
tions, recurrence, etc.).

5. Stereotactic Radiosurgery for the Treatment of AF

While the current therapeutic options for the treatment of AF do address a significant amount of the population
that suffer from the condition, there still remains a notable cohort of individuals with AF and other comorbidi-
ties that the current therapies ineffectively treat. The following section identifies a cohort of AF patients with
comorbidities that put them at a high risk for the current therapies, the potential role of stereotactic radiosurgery
to treat AF, and the CyberHeart Stereotactic Ablative Radiosurgery System.

5.1. Clinical Population Potentially Addressable with Cardiac Radiosurgery

A specific clinical population that the current therapeutic strategies do not adequately treat, is patients with AF
and chronic kidney disease. Both atrial fibrillation and chronic kidney disease increase the risk of stroke when
they are sole morbidities [37]. Atrial fibrillation increases risk of stroke by a factor of 5 and chronic kidney dis-
ease has been reported by the U.S. Renal Data System to increase the risk for stroke by a factor of 3.7. End
stage-renal disease increases the risk of stroke by a factor of 5.8 [37] [38]. Typically, in order to reduce risk of
stroke or systemic thromboembolism anti-coagulants such as warfarin are prescribed [37]. However, multiple
studies have indicated that use of warfarin may increase the risk of ischemic stroke for patients undergoing di-
alysis and the risk of bleeding increases for patients with chronic kidney disease [37] [42]-[44].

A study conducted by Olesen et al. used the Danish National Registry to track 132,372 patients with non-
valvular atrial fibrillation from the time period of 1997-2008 [37]. The study identified 4488 patients of the
original cohort that also possessed or developed chronic kidney disease (2.7%) or end-stage renal disease (0.7%).
Trends for patients with a comorbidity of renal disease showed increased risk factors for stroke or thromboem-
bolism, myocardial infarction, bleeding, and death [37]. The stroke or thromboembolism rate per 100 persons/
year for patients with non-end stage chronic kidney disease (CKD) was 6.44, and for patients that required ren-
al-replacement therapy it was 5.61 [37]. Both stats were greater than the stroke/thromboembolism rate per 100
persons a year for patients without renal disease, which was 3.61. The patient group with no renal disease also
had a rate for bleeding events per 100 persons a year that was less than half of those with non-end stage CKD
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and that required renal replacement therapy. Specifically, patients with non-end stage CKD possessed a bleeding
rate per 100 persons/year of 8.77 and for patients that required renal-replacement therapy it was 8.89; for the
group without renal disease it was only 3.54 [37]. The rates of myocardial infarction per 100 patients/year for
patients with non-end stage renal disease and patients that required renal therapies were 5.81 and 5.98, respec-
tively. For patients with no renal disease the rate of myocardial infarction per 100 patients/year was 1.88. The
death rate per 100 patients a year for patients for no renal disease was 11.21, while the rates were 38.65 and
29.35 for non-end stage CKD and patients that required renal-replacement, respectively [37].

The study by Olesen et al. also showed that patients with or without renal disease that underwent warfarin
treatment had a reduced risk for stroke or thromboembolism, but both warfarin and aspirin also increased risk of
bleeding [37]. A study by Lip et al. investigated a cohort of 7329 patients with AF that were anti-coagulated
orally with adjusted doses of warfarin or two fixed-doses of 36 mg of ximelagatran daily [45]. There were 217
major bleeding events—defined as fatal bleeding, bleeding that required transfusion of >2 U of blood, 20 or
more g/l decrease in hemoglobin, or bleeding of a critical anatomic site other than the brain—that occurred in
groups of the AF patients that possessed: diabetes, LV dysfunction, previous stroke or ischemic attack, and im-
paired renal function [45]. The hazard ratio (HR) for bleeding was highest for patients with impaired renal func-
tion (HR = 2.48); second highest risk for bleeding was for patients with labile INR (HR = 2.14); patients older
than 75 had the third highest risk with a HR = 2.10 [45].

There are also variations in the risk for bleeding and stroke or thromboembolism based on the particular renal
disease. Oleson et al. showed that patients with chronic glomerulonephritis possessed the highest risk for bleed-
ing out of all the non-end stage renal diseases examined (HR for chronic glomerulonephritis = 2.81) [37]. Di-
abetic nephropathy also possessed a high hazard ratio (HR = 1.96) for bleeding [37]. Advanced statistical ana-
lyses also indicated that patients with hypertensive nephropathy have the highest risk of stroke or thromboem-
bolism (HR = 1.92) [37]. Also, the daily intake of loop diuretics increased risk for stroke/thromboembolism and
bleeding. A daily intake of 40 - 160 mg of furosemide had an increased hazard ratio for stroke (HR = 1.60) and
bleeding (HR = 2.41). Greater than 160 mg/daily of furosemide showed similar increased risks for both stroke/
thromboembolism (HR = 1.51) and bleeding (HR = 2.85) [37].

In studies that have analyzed populations with severe renal impairment with AF, it has been found that these
patient groups are often diagnosed with ischemic heart disease, valvular heart disease, accelerated vascular cal-
cification, and ventricular hypertrophy [46]-[48]. The important information that this observation provides is
that patients with renal-failure and AF often also have abnormal vascular anatomy. A study that analyzed 93,801
catheter ablation procedures for AF identified patients with renal failure are at a higher risk for the procedure
citing that the in-hospital rate of complication for renal failure patients was 23.25% [12]. The increase risk for
patients with AF and renal failure undergoing catheter ablation may be a result of the abnormal vascular anato-
my that increases the complexity of the operation. Another feasible explanation for the increased risk factor is
that catheter ablation procedures can require anti-coagulation up to 3 weeks before a procedure, during the
transseptal puncture, and for up to 3-months after the procedure [10]. The necessity to anti-coagulate for catheter
ablations may be a reason why there is a higher complication rate for renal-disease patients. As previously men-
tioned anti-coagulation leads to an increased risk for bleeding. Both possible explanations for increased risk of
catheter ablation for AF in patients with renal-disease clearly indicate that a therapeutic option that can perform
cardiac ablation non-invasively would likely have significant implications for AF patients.

In sum, patients with AF and the comorbidities of: end-stage renal disease, chronic glomerulonephritis, di-
abetic nephropathy, and hypertensive nephropathy are at a high risk for the current therapies for the treatment of
AF. For these clinical populations with chronic kidney disease and AF, utilizing anti-coagulants to improve their
condition puts them at an increased risk of having a serious bleeding event or stroke. Selecting catheter ablation
as the treatment strategy can also requires the use of and has the risks anti-coagulation. Additionally, catheter
ablation on patients with AF and chronic kidney disease may have an increased level of difficulty because vas-
cular these patients are often observed to have abnormal vascular anatomy. Consequently, another therapeutic
option to treat this clinical population with an acceptable level of risk and increased level of efficacy is needed.
Stereotactic radiosurgery (SRS) may present a method to non-invasively ablate the heart without the need for
anti-coagulation and may be an efficacious way to reduce AF symptoms in patients with AF and chronic kidney
disease. Concerns with vascular anatomy being a cause of procedural complication are also avoided with SRS
because the procedure is completely non-invasive. Accordingly, the most effective way to return sinus rhythm to
patients with AF and chronic kidney disease may be by performing cardiac radiosurgery with a SRS system.
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5.2. Efficacy and Safety of Stereotactic Radiosurgery

After it was established that stereotactic radiosurgery can be utilized to improve clinical outcomes for brain tu-
mors treatments in the 1980s, the prevalence of SRS increased and was widely implemented into cancer thera-
peutic strategies [49]-[51]. Stereotactic radiosurgery and stereotactic body radiation therapy have since been
widely observed to be efficacious and safe [49]. When used to treat brain metastases multiple investigations
have found that the SRS results in accurate targeting of neoplasms and improved local control rates [49] [52]
[53]. The side effects that occur when using SRS are primarily minor, and include headaches, screw site infec-
tions, and short exacerbation [49] [54]. The more serious side effects that can occur from SRS include brain
edema, radiation necrosis, or the formation of a new cognitive deficiency; however, these side effects are rare
and have been observed to happen in less than 5% of patients [49] [54]. The accuracy of radiation delivered to
intracranial sites that are treated with SRS has been reported to be approximately 1 mm for cranial locations and
1.5 - 2 mm for anatomical regions besides the cranium [49] [55]-[58]. Such precision is only anticipated to im-
prove as additional technological innovations and advances are made.

5.3. CyberHeart Stereotactic Ablative Radiotherapy System

CyberHeart Inc. has been exploring the efficacy and potential of cardiac radiosurgery as an option to treat heart
conditions such as AF. The CyberHeart system employs the Cyberknife stereotactic radiosurgery platform—the
same technology currently being used deliver precise radiation to brain tumors—to ablate the heart non-inva-
sively. The Cyberknife stereotactic radiosurgery system is highly accurate at delivering radiation to exact ana-
tomic regions while minimizing radiation exposure to healthy tissue that is in close proximity to the targeted
anatomic region. The CyberHeart SRS system is capable of guiding the Cyberknife SRS system to ablate the
heart and other regions on the body with the same level of accuracy that is used when targeting lesions in the
brain.

A recent study established that the Cyberknife SRS system was accurate and efficacious at delivering radia-
tion to a cardiac target. In the study, the pulmonary vein ostia of animal models were irradiated with Cyberknife
using 6 MV x-rays to produce a scar for the purpose of blocking aberrant signals that occur in hearts with AF
[59]. A radiation dose between 20 - 35 Gy was programmed to be delivered to four different animals [59]. Sur-
gically implanted TLD and MOSET dosimeters measured that the actual radiation delivered to the animals was
highly accurate and restricted the intended anatomic locations [59]. The TLD dosimeter measured the dose on
the epicardial surface near the right pulmonary vein to average 5% less than the predicted dose [59]. MOSET
sensors measured doses in the coronary sinus to average less than 6% than the predicted dose [59]. Measure-
ments on the esophagus measured less than 25% than predicted [59].

Another recent report utilized the CyberHeart system to irradiate the cavo-tricuspid isthmus, AV node, pul-
monary vein-left atrial junction, or left atrial appendage in sixteen Hanford-Sinclair mini swine [60]. Prior to ra-
diosurgically ablating the swine, baseline computed tomographic scans and electroanatomic maps were recorded.
The animals were examined for 25 - 196 days after the treatment and electrical voltage mapping and transeso-
phageal echocardiography was repeated; after the examination period, animals were sacrificed and pathology
specimens were retrieved [60]. Findings indicated that at least 25 Gy doses were required to cause electrophysi-
ologic effects. Additionally, it was observed that electrophysiologic effects consistently needed 30 - 90 days to
take effect. The results showed a significant voltage reduction to less than 0.05 mV to the pulmonary vein-left
atrial junction and left appendage after treatment; a result similar to those attained by an invasive catheter abla-
tion procedure. No spontaneous arrhythmias were observed in the swine and pathology specimens showed no
proof of radiation damage outside targeted anatomical regions [60]. The specific anatomic sites that were pre-
cisely targeted in this study are representative of the CyberHeart system’s efficacy to ablate with a high degree
of accuracy and potential to noninvasively treat conditions such as AF [60].

In addition to being a completely non-invasive therapeutic option to treat AF, it is also important to realize
that the CyberHeart system is distinct because it applies a completely anatomic-approach to treat conditions
such as AF [60]. A therapeutic option that is non-invasive, painless, and anatomically based such as CyberHeart
can potentially have egregious implications for the millions of patients with heart conditions such as atrial fi-
brillation. The CyberHeart procedure is considered to have an anatomic approach because it allows the physi-
cian to select (on a computer software) the precise anatomic locations where the stereotactic surgery system
should ablate. Another possible advantage of the CyberHeart system’s anatomic approach is the ability to create
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lesions that exactly meet a predetermined shape and size as desired by the physician. This removes concerns
about variation of technical ability of physicians and will likely reduce elements of uncertainty that occur during
live, invasive procedures. Similarly, it is feasible to predict that the amount of possible complications that will
occur from ablation procedures will be reduced because the lesion size will be predetermined. Recall that car-
diac tamponade can occur during catheter ablation if the electrophysiologist does not diligently monitor the
temperature level in the heart; if the temperature level in the heart rises over a certain value, pops can occur [10]
[13]. Furthermore, the CyberHeart therapeutic option may expand the treatable population of patients with heart
conditions. The CyberHeart System procedure is completely non-invasive and requires no sedation, which will
expand treatment to patients that are at a high risk for invasive procedures or cannot be sedated.

5.4. Risk of the CyberHeart System for the Treatment of AF

Although there is documentation that stereotactic radiosurgery has been effective at treating tumors that move
during respiration, cardiac motion may be a challenge for treating cardiac conditions such as AF with stereotac-
tic radiosurgery [60] [61]. During respiration, the various phases of contraction and relaxation of the heart must
be accounted for when using stereotactic radiosurgery to ablate the organ. Thus, use of an integrated target vo-
lume is incorporated in the CyberHeart System, allowing compensation for atrial motion [60]. Other respiration
compensations that the system currently incorporates include technologies that help compensate for cardiac mo-
tion to prevent radiation exposure to the pulmonary veins. While there may be challenges in the tracking of ven-
tricular motion that may necessitate additional compensations for cardiac motion, the CyberHeart System has
been suggested to be accurate by using technologies and planning that account for motion of the target [59]-[61].

Previous uses of external radiation directed at the mediastinum show that pericarditis, wall-motion abnormali-
ties, and late vascular injury may occur [60]. Such occurrences can be attributed to the volume of theradiation
dose and volume of the myocardium exposed [60]. It is important, however, to consider that previous radiation
studies that reported anatomic injuries did not target highly discrete, limited locations as in the studies that re-
ported use of the CyberHeart System [60]. Studies suggest that a dosage of 25 Gy or larger is required to create
an ablation that alters electrophysiological properties [59] [60]. It has been confirmed that radiation scatter and
leakage 1m from the targeted legion does not exceed 0.05% of the dosage [60]. For instance, if there was a pre-
scription dose of 40 Gy, the maximum leakage and scatter dose would be 20 mGy [60]. In comparison to the
radiation emitted during catheter ablation procedures, the radiation from a CyberHeart System is absolutely ac-
ceptable. A study reported the mean fluoroscopy durations for AF procedures was greater than 60 minutes in
both left anterior oblique (LAO) and right anterior oblique (RAO) [10]. The mean peak skin doses of radiation
were reported to be 1.5 = 0.4 Gy in the LAO and 1.0 = 0.5 in the RAO. The projected length of a CyberHeart
System procedure is between 60 to 120 minutes [60]. Both procedures have relatively low radiation exposure.

It has been reported that the time period for CyberHeart System ablation lesion to develop and create desired
effects is likely to be 30 days or more [60]. This observation of delayed effects is the reason why the CyberHeart
System procedure is a likely a viable option to treat conditions that do not require immediate intervention such
as atrial fibrillation. Patients undergoing a catheter ablation procedure typically must wait several months before
their procedure, so the delayed effects for 1-month may not be a significant concern [60].

Recent clinical experience in refractory ventricular tachycardia and refractory atrial fibrillation has been fa-
vorable. There have been no treatment related adverse events and all patients have experienced a reduction in
symptomatic arrhythmia. Additional clinical trials that aim to provide further evidence of the efficacy of Cy-
berHeart Systemare ongoing. [59] (Table 1).

6. Discussion and Conclusion

The current therapeutic options to treat AF put certain patients with co-morbitidies at an increased risk and are
not adequate for all patient groups. Patients with AF and end stage-renal disease are among those with elevated
risks for the current therapies. Specifically, end-stage renal disease has been recorded to increase risk of stroke
by a factor of 5.8 and treatment to reduce stroke increases risk of fatal bleeding events. Patients with AF and end
stage renal disease are reported to have a death rate of 29.35 per 100 patients, while the death rate for AF pa-
tients with no renal disease is 11.21 deaths per 100 patients [39].

Catheter ablation is one of the principle therapeutic options used to treat AF. The procedure requires a consi-
derable level of technical competence to perform and, as with any invasive procedure, possesses the possibility
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Table 1. Comparison of cardiac radiosurgery and catheter ablation for AF treatment.

Therapeutic Characteristics of Treatment Method

Method Features Clinical Benefits Risks
Completely non-invasive
Allows anatomic su_rglcal approach to be ) ) Procedural complication
planned with software Does not require patient to be sedated mav lead to radiation
Physician not required to be in radiosurgery Expands treatable patient population scatt)(/er and leakage that
Cardiac suite during procedure to include patients with comorbidities causes: ericargitis
Radiosurgery Does not rely on technical competence of at high risk for current therapies wai IF-)motion '
operator May allow more effective treatments abnormalities. or late
Estimated to take 30 days for lesion to be for elderly and pediatric patients vascular in"ur
formed after undergooing procedure Jury
Does not require anti-coagulation
Procedural complication
Invasive procedure Immediately creates lesion may lead to: cardiac
Catheter . - s tamponade, pulmonary
Ablation Depends on technlca_ll competence of operator Provides therapy to S|g'n|f|cant vein stenosis, esophageal
Leaves 40.6% of patients AF free after 5 years amount of patients with AF y

injury, stroke, phrenic
nerve injury, death

for complications. The overall complication frequency of catheter ablation for AF is 6.29% and possible com-
plications include: cardiac tamponade, pulmonary vein stenosis, esophageal injury, various vascular complica-
tions, stroke, phrenic nerve injury, TIA, pericarditis, mitral valve trauma, and others [10] [11]. The rate of re-
currence of AF after being treated with catheter ablation is also not ideal. Only 59.4% of patients are AF free
five years after one catheter ablation procedure and even after multiple repeat procedures only 83.4% of patients
have sinus rhythm returned [8]. Furthermore, certain patient groups such as those over 80, and those with renal
impairment have higher increased chances of complication and do not make good candidates for an invasive
procedure [12]. Respectively, the complication rates for patients over 80 and patients that undergo renal im-
pairment have been reported to be 9.37% and 23.25% [12].

The level of difficulty of performing an invasive procedure increases when patients have abnormal vascula-
ture and that can be significant. Thus, it is likely that the primary cause for increases in complication rates of
catheter ablation for AF on patients with co-morbidities is due to atypical or diseased vascular anatomy and a
non-invasive therapeutic option to treat AF can have significant implications for such patients. The CyberHeart
System procedure utilizes a cardiac radiosurgery approach that incorporates the Cyberknife stereotactic radi-
osurgery system to ablate the heart. In addition to revolutionizing the dynamics of AF treatment by providing a
completely non-invasive operation, the CyberHeart System procedure can potentially expand the treatable pop-
ulation, and lead to improved clinical outcomes for AF patients. Another feature that contributes the considera-
ble potential of the CyberHeart System to improve clinical outcomes for patients with AF is that the CyberHeart
procedure utilizes a completely anatomic approach to ablate the heart. The anatomic approach of the CyberHeart
system allows the physician to select the specific anatomic structures in 3-D space that should be ablated with
the use of a computer program. The physician is not required to be in the radiosurgery suite or exposed to any
radiation during the ablation procedure. This feature has the potential to remove discrepancies in complication
rates that vary with the technical competence of a physician and result in precise ablations that effectively treat
AF. Accordingly, the CyberHeart System is a novel platform that has a promising potential to treat patients with
AF and other arrhythmias. Ongoing research is hoped to provide necessary evidence required to further validate
the CyberHeart Systems efficacy to improve clinical outcomes for patients.
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