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ABSTRACT
Objectives: Data related to the cost effectiveness of surgical interventions and catheter ablation is
sparse. This model-based analysis assessed the clinical and economic trade-offs involved in using cath-
eter ablation or the Cox maze procedure in treating patients with atrial fibrillation.
Methods: A deterministic model was developed to project 1 year and lifetime health-related out-
comes, costs, quality-adjusted life years (QALYs) and cost effectiveness of each treatment in patients
with atrial fibrillation. Using previously unpublished Inova Heart and Vascular Institute (IHVI) data for
patients undergoing either procedure, 1 year cost and clinical efficacy inputs were estimated. This
data was supplemented with published literature and used to estimate costs, utilities, mortality and
likelihood of patient improvement. Results were reported as cost-effectiveness ratios in $/QALY.
Sensitivity analyses were conducted to assess the robustness of results.
Results: Patients initially treated with a Cox maze procedure were estimated to have higher costs
than those treated with catheter ablation, both after 1 year and over the lifetime. However, patients
undergoing the Cox maze procedure also had lower rates of 1 year mortality than catheter ablation
patients (3.5% vs. 8.5%) and the highest rate of improvement following treatment, resulting in higher
QALYs (12.4 vs. 10.2). Compared to catheter ablation, the lifetime incremental cost-effectiveness ratio
for the Cox maze surgical procedure was $12,794 per QALY gained. Without quality adjustment, the
ratio was $11,315. Results were most sensitive to the likelihood of improvement following each inter-
vention and the cost of the initial procedure.
Conclusions: At a societal willingness to pay of $100,000/QALY, Cox maze procedure was found to
both increase overall and quality-adjusted survival and constitute an effective use of resources in
patients with atrial fibrillation.
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Introduction

Atrial fibrillation (AF) is a cardiac rhythm disorder that currently
affects more than 2.6 million Americans1, making it the most
common of all clinical sustained heart arrhythmias2. AF was
found to be associated with increased risk of stroke, heart fail-
ure, decreased quality of life and death2. In 2011, more than
six million adults in the United States experienced a stroke3 –
it is the fourth most common cause of death in the nation4 –
and approximately 15% of all strokes are attributable to docu-
mented AF5. The likelihood of developing AF increases with
age, as 7.2% of people over 65 have the disorder, a figure that
increases to 10.3% for those over 756. Given a rapidly aging
population, the number of AF patients in the US is expected to
increase to over 12 million by 20501.

Treatment for AF includes various medications and a
number of different procedures7. Medications include blood
thinners to reduce the risk of stroke (e.g. warfarin), rate con-
trol medications that slow heart rates and lessen weakening
of heart muscles (e.g. beta blockers like metoprolol and ate-
nol, calcium channel blockers like diltizem and verapamil,
and digitalis, or digoxin), and rhythm control medications

that help patients maintain normal heart rates (e.g. amiodar-
one, sotalol, flecainide, propafenone). Primary procedural
options include percutaneous catheter ablation3 and surgical
ablation, including the Cox maze procedure7.

The debate over the most effective treatment method is
by no means simple; rather, trade-offs exist with respect to
medical effectiveness, procedural risk and relative cost of
treatments. Currently there are no randomized controlled tri-
als to compare the two methods when it comes to clinical
endpoints and cost effectiveness. This model-based study
aims to use primary data from a hospital database to assist
decision makers in better weighing the clinical benefits and
costs to ensure that care for AF patients is being conducted
safely and appropriately, and that resources are being uti-
lized efficiently across the broader healthcare system.

Methods

Institutional databases from the Inova Heart and Vascular
Institute (IHVI) related to the (minimally invasive) Cox maze
procedure and percutaneous catheter ablation were used.
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These databases comprise data drawn from IHVI patients who
underwent the Cox maze procedure for nonparoxysmal AF
(alongside a full year of follow-up data) as well as IHVI patients
who were treated with catheter ablation. The registries are
unique in their ability to capture specific health events related
to each procedure, providing Cox maze and catheter ablation
specific information for each patient from the initial procedure
through follow-up. In addition, the registry data can be
merged with hospital and mortality records to form a com-
plete longitudinal record for each patient8.

Given the availability of different treatment choices and
the tradeoffs between them, a decision analytic approach
was used to identify the relative value of each treatment
option. We constructed a Markov model, populated with pri-
mary data, and supported by data from literature and other
publicly available sources, that projected 1 year and lifetime
outcomes, including costs, life years and quality-adjusted life
years (QALYs) gained for each treatment option. These pro-
jections were used to calculate incremental cost-effectiveness
ratios and allowed us to evaluate treatment options in ways
that clinical trials may not, and in so doing can provide infor-
mation on which options are most cost effective. Here, the
deterministic cohort model incorporated all relevant charac-
teristics of each AF treatment option (i.e. risk, clinical effect-
iveness and cost), allowing us to calculate the cost
effectiveness of Cox maze compared with catheter ablation.

The model was developed in TreeAge Pro 2015 (TreeAge,
Williamstown, MA, USA) to analyze the model strategies (i.e.
initial treatment method) in patients with atrial fibrillation.
During the first year, patients could alternatively: 1) achieve
stable rhythm, 2) fail to improve, or 3) die. The likelihood of
following each model pathway differed based on choice of
initial treatment and based on registry data. At the conclu-
sion of the first year, the annual costs and probability of
each model outcome were calculated. Patients alive at the
conclusion of the first year were assigned differing lengths of
survival and subsequent costs for time beyond the first year,
depending on whether they had achieved rhythm control
(Figure 1). In the base case analysis, a lifetime time horizon

was taken, and costs and clinical benefits (i.e. life-expectancy
and QALYs gained) were discounted at 3% annually.

In developing the model, rates of rhythm improvement
and all-cause mortality were required for each of the treat-
ment options. To inform these parameters, we used data
from the IHVI Cox maze database that tracks and records
hospital and long-term outcomes from surgical ablations and
the IHVI Percutaneous Coronary Intervention (PCI) Registry
that tracks non-surgical treatments for atrial fibrillation.
Supplementary data was also obtained as needed from hos-
pital charts and physician offices. Estimates of treatment effi-
cacy were derived from 79 patients undergoing the stand-
alone Cox maze procedure for non-paroxysmal AF from 2010
to 2015, and 56 patients undergoing catheter ablation in
2010. Data availability limited the inclusion of those under-
going catheter ablation to the single year. Characteristics of
the patient population, as well as clinical parameters used in
the model to inform the efficacy of treatment options, are
shown in Table 1. To supplement registry data, we extracted
survival estimates after the first year from the published lit-
erature9,10. IRB approval was obtained from the Inova
Institutional Review Board and written informed consent was
waived. The funding source had no involvement in study
design, collection, analysis and interpretation of data, or in
the writing of this paper.

Costs were reported in 2016US dollars, with costs from
different sources converted to year 2016 using the medical
component of the consumer price index11. For each of the
treatments, first-year costs were obtained from the registries.
Direct costs included clinician salaries, equipment, medica-
tions and disposable supplies. Costs were calculated inclusive
of all such resources utilized throughout the entire year fol-
lowing treatment, including follow-up visits and treating any
resultant complications, including pacemaker implantation.
From the registry, we found that 7% of patients had a pace-
maker implanted. After the first year, costs were applied dif-
ferentially depending on whether the patient had achieved
rhythm control. These costs were derived from a retrospect-
ive analysis of MarketScan data and showed higher costs in
individuals with active atrial fibrillation12. Costs are set forth
in Table 2.

The impact of the interventions on quality of life was
incorporated into the model through the use of utility
weights. Utility weights range from 0 to 1, with 0 represent-
ing death, 1 representing perfect health and values in
between reflecting the decreased quality of life for patients
with a given condition. Utility weights for patients with
ongoing atrial fibrillation as well as values for those whose

Figure 1. Decision tree depiction of treatment model.

Table 1. Patient population and clinical parameters.

Cox Maze
Procedure

Catheter
Ablation

Sample size 79 56
Age (mean years) 58.7 63.3
Male (%) 89.9 66.1
First year probability of stable rhythm (%) 93.4 62.8
First year mortality (%) 3.8 8.5
Life expectancy beyond first year (years)

With stable rhythm 19.53
No stable rhythm 11.48
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condition improved were based on estimated EQ-5D data
from published literature13 (Table 2).

In the base case, the strategies were compared at both
year one and over a patient’s lifetime. The 1 year results
reflect the real-world data available from the registry without
extrapolation. The lifetime results required additional
assumptions, but were conducted to adhere to published
guidelines on best practices in cost-effectiveness analyses14.
Model outputs included costs and quality-adjusted life
expectancy for each strategy, which were used to calculate
the incremental cost-effectiveness ratio. To assess the impact
of uncertainty in model parameters, one-way sensitivity anal-
yses were conducted in which each model input was varied
±10% of the base case value. Results of one-way sensitivity
analyses are depicted in a tornado diagram (Figure 2a).
Additionally, a probabilistic sensitivity analysis (PSA) was con-
ducted in which all parameters were varied simultaneously.
In PSA, the Cox maze procedure was compared to catheter
ablation across 1000 iterations, with results shown in a cost-
effectiveness scatterplot (Figure 2b).

Results

In the base case when considering 1 year results, the Cox
maze procedure cost was $30,532 per patient, compared to
$8837 per catheter ablation patient. The Cox maze procedure
also provided greater benefit in terms of reduced mortality
and achievement of stable rhythm, with 1 year QALYs of
0.759 compared to 0.741 for catheter ablation. Combining
these results, the Cox maze procedure had a cost-effective-
ness ratio of $1,192,023/QALY, compared to the catheter
ablation strategy (Table 3).

Over a lifetime, the Cox maze procedure cost $232,162
per patient, compared to $208,371 per patient for catheter
ablation. Patients undergoing the Cox maze procedure were
estimated to live an average of 14.72 years following the
procedure, which equated to 12.04 QALYs. The correspond-
ing estimates for catheter ablation were 12.62 years and
10.18 QALYs. Based on these results, the Cox maze proced-
ure had a cost-effectiveness ratio of $12,794/QALY when
compared to catheter ablation. Without quality adjustment,
this ratio decreased to $11,315/QALY (Table 3).

In one-way sensitivity analyses, varying the likelihood of
improvement had the largest impact on results. When the
probability of improvement for patients undergoing the Cox
maze procedure was varied by ±10%, the ratio for Cox maze

ranged from $11,993/QALY to $18,181/QALY. When the prob-
ability of improvement for patients undergoing catheter
ablation was varied ±10%, the resulting cost-effectiveness
ratio ranged from $10,451 to $15,917/QALY. Results were
less sensitive to variations in the assumptions regarding costs
and survival after the first year, and procedure-related mor-
tality. One-way sensitivity analysis results are shown in the
tornado diagram (Figure 2a).

In probabilistic sensitivity analyses, Cox maze surgery had
higher quality-adjusted life expectancy in all 1000 iterations.
It was the dominant strategy (i.e. higher clinical benefits and
lower costs) in 4.7% of iterations, and had a cost-effective-
ness ratio below $50,000 in 98.6% (Figure 2b).

Discussion

Using the data collected from IHVI registries to populate the
model and compare strategies for the treatment of AF, we
found that the Cox maze procedure increased survival and
quality adjusted life expectancy. Although this type of ana-
lysis has previously been conducted in order to assess treat-
ment options for AF, prior researchers were not privy to the
type of data contained in the aforementioned registries15–18.
Considering the increased cost of the procedure, the lifetime
incremental cost-effectiveness ratio was $12,794/QALY. This
estimate is far below commonly cited willingness to pay
thresholds in the US of $50,000–$100,000/QALY, indicating
that use of the Cox maze procedure in this patient popula-
tion would be an efficient use of resources.

When considering the results over the first year, the cost-
effectiveness ratio of over $900,000 was far beyond the
range that is typically considered to be good value. This find-
ing is driven by the high upfront cost of the Cox maze pro-
cedure compared to catheter ablation, and the exclusion of
survival benefits for those who achieve rhythm control and
survive beyond the data collection period. In following best
practices in modeling19, the lifetime horizon was considered
more appropriate to use when assessing the value of the
interventions, as the benefits of these strategies clearly
extend beyond the first year.

While this study relied on primary data from an estab-
lished patient registry, results should be considered in com-
bination with previously published analyses. A number of
decision analyses have attempted to evaluate the cost-effect-
iveness of AF treatments9. Lamotte et al.20 used the Markov
model to predict the cost-effectiveness among three inter-
ventional approaches, which were: (1) high-intensity focused
ultrasound, (2) the classic “cut and sew” Cox maze proced-
ure, and (3) percutaneous catheter ablation. They concluded
that all interventional treatments showed good incremental
cost-effectiveness ratios, compared to drug treatment.
Although this study was the first to assess the health eco-
nomic consequences of concomitant surgical ablation for the
treatment of AF, limited data was used to generate the study
results. Reynolds et al.21 constructed a Markov disease simu-
lation model for a hypothetical cohort of patients with drug-
refractory paroxysmal AF, treated either with radiofrequency
catheter ablation (RFA), with/without antiarrhythmic drug

Table 2. Treatment costs and utility weights.

Parameter Valuea

First year treatment costs (per patient)
Cox maze procedureb $30,532
Catheter ablation $8837

Treatment costs beyond first year (per person)
With stable rhythm $14,214
No stable rhythm $24,555

Health-related quality of life (utility weight)
With stable rhythm 0.823
No stable rhythm 0.774

aAll costs reported in 2016 $US.
bIncludes the costs of prior catheter ablation for 72% of patients.
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(AAD), or AAD alone. They found RFA was reasonably cost-
effective compared with AAD therapy alone. The results of
their model, however, cannot be directly applied to other
subsets of the AF population due to the baseline characteris-
tics of those patients. Moreover, they did not model all pos-
sible treatment strategies for patients with paroxysmal AF.
Chan et al.22 constructed a Markov decision analysis model
to assess the cost-effectiveness of rhythm control with left
atrial catheter ablation (LACA) versus two more standard
approaches: rhythm control with amiodarone and medical
rate control therapy. The model shows that the use of LACA

may be cost effective in patients with AF at moderate risk
for stroke, but is not cost effective in low-risk patients. Their
model was developed only in 55 and 65 year old cohorts
and as such the findings may not apply to younger or older
patients. Despite the growing significance of comparative
effectiveness research, the existing decision analyses to pro-
vide evidence of the cost-effectiveness of various AF treat-
ments are limited at best. With the limitations of the current
literature, our study was warranted. Our project contributes
to the literature by: (1) being one of the first studies compar-
ing the Cox maze procedure to other AF treatments, (2)

Figure 2. Sensitivity analyses. a. One-way sensitivity analysis results – tornado diagram. b. Probabilistic sensitivity analysis results – CE scatterplot.
Abbreviations. QALY, quality-adjusted life-year; CMS, Cox maze surgery; CA, catheter ablation; ICER, incremental cost-effectiveness ratio.

Table 3. Base case results.

Strategy Total Cost Delta Cost Total LE Delta LE Total QALYs Delta QALYs $/LY $/QALY

1 year results
Catheter ablation $8837 0.958 0.741
Cox maze procedure $30,532 $23,791 0.981 0.024 0.759 0.018 $923,183 $1,192,023

Lifetime results
Catheter ablation $208,371 12.62 10.18
Cox maze procedure $232,162 $23,791 14.72 2.10 12.04 1.86 $11,315 $12,794

Abbreviations. LY, life-year; QALY, quality-adjusted life year; LE, life expectancy.
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using rich primary data from a leading heart surgery center
in the nation and their local surgical registries, and (3)
assessing all of the key approaches in one analysis.

While cost-effectiveness analysis is one method of assessing
the value of an intervention, it is not the only factor that
should be considered when selecting an appropriate therapy.
Other aspects such as patient preference and patient eligibility
should be considered as well. Additionally, this study was
based on data from a single center; therefore, results may only
be generalizable to the extent that included patients are
reflective of the general population. Moreover, there were
some slight differences between the two groups being consid-
ered, despite the patients included being limited to those with
nonparoxysmal AF, therefore results from this analysis must be
considered in light of the data limitations. To consider the
cost-effectiveness of the treatments in clinical practice, an
emphasis was put on incorporating data from the IHVI regis-
tries. However, this data only included patient follow-up at 1
year post-treatment, requiring estimates from the literature for
survival and costs beyond this point. In incorporating this data,
an assumption was made that patients who had improved
after the first year were thereafter relieved of their AF symp-
toms, and all those who did not improve within that time-
frame showed no subsequent improvement.

Conclusion

Although Cox maze procedure is a more invasive and
aggressive strategy to address AF, at a societal willingness to
pay of $100,000/QALY, our model-based analysis using real-
world data found that it would improve clinical outcomes
and be an efficient use of healthcare resources.
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