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Purpose: The standard management of medically inoperable Stage I non—small-cell lung cancer (NSCLC) conven-
tionally has been fractionated three-dimensional conformal radiation therapy (3D-CRT). The relatively poor local
control rate and inconvenience associated with this therapy have prompted the development of stereotactic body
radiotherapy (SBRT), a technique that delivers very high doses of irradiation typically over 3 to 5 sessions. Radio-
frequency ablation (RFA) has also been investigated as a less costly, single-day therapy that thermally ablates
small, peripheral tumors. The cost-effectiveness of these three techniques has never been compared.

Methods and Materials: We developed a Markov model to describe health states of 65-year-old men with medically
inoperable NSCLC after treatment with 3D-CRT, SBRT, and RFA. Given their frail state, patients were assumed to
receive supportive care after recurrence. Utility values, recurrence risks, and costs were adapted from the litera-
ture. Sensitivity analyses were performed to model uncertainty in these parameters.

Results: The incremental cost-effectiveness ratio for SBRT over 3D-CRT was $6,000/quality-adjusted life-year, and
the incremental cost-effectiveness ratio for SBRT over RFA was $14,100/quality-adjusted life-year. One-way sensi-
tivity analysis showed that the results were robust across a range of tumor sizes, patient utility values, and costs. This
result was confirmed with probabilistic sensitivity analyses that varied local control rates and utilities.
Conclusion: In comparison to 3D-CRT and RFA, SBRT was the most cost-effective treatment for medically inop-
erable NSCLC over a wide range of treatment and disease assumptions. On the basis of efficacy and cost, SBRT

should be the primary treatment approach for this disease.

© 2011 Elsevier Inc.
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INTRODUCTION

The traditional treatment for medically inoperable, early-
stage non—small-cell lung cancer (NSCLC) conventionally
has been fractionated radiation therapy (RT) (1). The dose
per day with this treatment is typically 1.8 to 2 Gy per frac-
tion, and the total dose ranges between 60 and 70 Gy. Al-
though conventional RT takes 6 to 8 weeks to complete, the
results are disappointing, with local control rates hovering
between 50% and 70% (2-4). During the earlier era in
which these doses were established, radiation portals were
designed via fluoroscopy, a relatively unsophisticated
imaging modality with poor resolution of tumor and
normal tissue anatomy. Radiotherapy fields needed to be
large to ensure that the entire tumor was irradiated, and this
limited the total amount of radiation that could be
delivered. More recently, computed tomography—based
planning has been used, such that the radiation plan is
created by use of three-dimensional information, a process

called three-dimensional conformal radiotherapy (3D-
CRT). This more robust imaging technique and planning
software prompted radiation dose—escalation studies, whose
goals were to improve treatment efficacy while maintaining
similar complication rates. These dose-escalation regimens
consisted of the same dose of irradiation per day as standard
radiotherapy but increased the number of treatments by
several weeks. Unfortunately, despite the additional radiation
dose, the local control rates were generally still poor, al-
though recently, Phase III data in locally advanced lung can-
cer have suggested a survival benefit to dose escalation (4-6).

These relatively unsuccessful outcomes have catalyzed the
development of other nonsurgical therapies for this disease.
Over the past 10 years, stereotactic body radiotherapy
(SBRT) has been established, a technique in which very
high doses of irradiation—usually 12 to 18 Gy per frac-
tion—are delivered in typically 3 to 5 sessions. SBRT has
been shown to dramatically reduce local failure while
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achieving low toxicity rates because of extremely tight expan-
sion margins around the primary tumor (7). In addition, radio-
frequency ablation (RFA), which uses a percutaneous catheter
to thermally treat the tumor, has shown promise in eradicating
Stage I NSCLC (1).

The costs associated with conventional 3D-CRT, SBRT, and
RFA vary substantially. RFA is the least expensive treatment
modality, whereas SBRT is the most costly, and 3D-CRT is
in between the two. Given the differences in efficacy between
these three treatments, as well as the nontrivial discrepancy in
cost, the cost-effectiveness of these three treatments is an im-
portant consideration in deciding which therapy should be im-
plemented for medically inoperable, early-stage NSCLC.

Cost-effectiveness analysis is a proven analytic technique
that assesses the relative benefit of a given treatment strat-
egy, quantified in quality-adjusted life-years (QALYs), vs.
its cost (8). We have performed a cost-effectiveness analysis
of nonsurgical treatments of medically inoperable, early-
stage NSCLC, comparing conventional RT, SBRT, and RFA.

METHODS AND MATERIALS

Decision model

We designed a Markov model to simulate the clinical history of
a 65-year-old man with medically inoperable Stage I NSCLC
(Fig. 1). Markov simulation allows hypothetical cohorts of patients
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to transition between different health states in fixed increments of
time (9).

Patients began in the well state (no evidence of disease [NED])
having received either 3D-CRT, SBRT, or RFA. These health
states were titled 3D-CRT-NED, SBRT-NED, and RFA-NED
(Fig. 1). Patients then remained in the NED health states or pro-
ceeded to the disease states, including local recurrence, regional
recurrence, and distant metastasis. Patients could remain in that
disease state or die of disease. By definition, this patient popula-
tion is quite frail (i.e., could not tolerate surgery), and therefore
aggressive salvage therapy was not considered to be a feasible op-
tion; instead, patients were given best supportive care at any re-
currence (10). Patients could die of other causes at any state in
the model.

Patients who received 3D-CRT or SBRT were exposed to a risk
of pneumonitis between 3 and 6 months after finishing RT. Grade
2 pneumonitis was treated with prednisone and assumed to last
for 3 months, whereas Grade 3 pneumonitis was treated with
prednisone and home oxygen for 6 months. Patients with pneu-
monitis were assumed to visit their physician monthly for evalu-
ation. Significant chest wall pain is a unique complication of
SBRT, and patients treated with this modality could transition
to the chest wall pain health state between 6 and 12 months
(11). The condition was assumed to be self-limited and treated
with narcotics (i.e., oxycodone). The rate of pneumothorax re-
quiring chest tube and hospital admission after RFA was obtained
from the literature (12, 13). All patients with pneumonitis or
a pneumothorax underwent an additional chest computed
tomography scan with contrast as a follow-up examination.

Recurrence

Dead of
Disease

Regional
Recurrence

Distant
Metastasis

Other
Causes

Fig. 1. Markov model describing health states after treatment for early-stage non—small-cell lung cancer. 3D-CRT =
three-dimensional conformal radiation therapy; NED = no evidence of disease; SBRT = stereotactic body radiotherapy;

RFA = radiofrequency ablation.
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A lifetime time horizon was used in the model, although the vast
majority of the cohort was deceased by 5 years after treatment. The
model was created and analyzed by use of Data TreeAge Pro (Tree-
Age Software, Williamstown, MA).

Model assumptions and data

Data sources for the decision model are shown in Table 1. All
probabilities were extracted from the published literature and
calibrated for consistency with established studies evaluating
the three techniques. We kept the rates of regional recurrence
and distant metastasis as a first failure the same across treatment
modalities, because nodal spread and distant spread should have
occurred before treatment and are therefore unrelated to how the
primary cancer is treated. Thus, the difference in cancer out-
comes after treatment with 3D-CRT, SBRT, and RFA was
strictly a function of differences in their respective local control
rates. The local recurrence rate for SBRT treatment was derived
from long-term follow-up data from the Indiana University
Phase II SBRT trial, which has the longest follow-up of any pro-
spective SBRT trial (7). Local recurrence rates after treatment
with RFA were obtained from data from Brown University,
which has published the largest experience using the technique
(12). The conventional radiotherapy model was derived from
data from Washington University and Duke University from
two well-known series reporting outcomes using conventional
RT (2, 3).

Costs accrued in each health state were largely derived from
publicly available 2009 Medicare payment schedules (Table 2).
Costs of end-of-life care as a consequence of a cancer-related
death or a non—cancer-related death were taken from a Medicare
study published by Campbell et al. (14). Patients in whom
Grade 2 radiation pneumonitis and chest wall pain developed
were treated with prednisone and oxycodone, respectively, and
the costs of treatment with these medications were obtained
from Red Book (15). Costs for patients with Grade 3 pneumo-
nitis who require home oxygen therapy were obtained from
a study evaluating these costs in the Medicare population
(16). Patients with any pneumonitis were seen every month
by the physician and billed for that visit (i.e., Common Proce-
dural Terminology code 99214, intermediate-level established
patient visit for management). The cost of inserting and manag-
ing the complication of iatrogenic pneumothorax was obtained
from the reimbursement for Diagnosis Related Group 200,
Complicating Condition (pneumothorax with non-major comor-
bidity) (17). The cost of the chest computed tomography scan
was taken from the Medicare reimbursement for the examina-
tion (18). A payer perspective was used in this analysis.

There are no data explicitly evaluating patient utility values after
treatment with SBRT, 3D-CRT, or RFA. However, Doyle et al. (19)
published a study that elicited patient utility values after several
health care states associated with NSCLC. These values were
used in this study and tested in sensitivity analyses.

Table 1. Probabilities, utility values, and costs used in study

Baseline Range
Event value studied Reference
Probabilities
NED to local recurrence
3D-CRT 37% (3 y) 20-85% 2
SBRT 12% (3 y) 5-20% 7
RFA 43% (3 y) 10-75% 12
NED to nodal recurrence 9% (2'y) 5-15% 7
NED to metastasis 13% 3 y) 5-25% 7
Nodal recurrence to death 70% (1y) 50-100% 10
Local recurrence to death 70% (1'y) 50-100% 10
Distant metastasis to death 70% (1y) 50-100% 10
Pneumothorax rate (RFA only) 16% 0-26% 12, 13
Chest wall pain probability (SBRT only) 20% — 10
Grade 2 pneumonitis rate (SBRT only) 24% — 21
Grade 3 pneumonitis rate (SBRT only) 12% 0-20% 21
Utility values
NED 0.712 0.6-0.95 19
Pneumonitis 0.576 0.461-0.712 19
Chest wall pain 0.557 0.461-0.712 19
Local, nodal, and distant recurrence 0.461 0.2-0.576 19
Death 0 0 19
Costs
Pneumothorax $5,401.13 $3,000-$7,500 17
Chest wall pain $24.82/mo — 15,18
Grade 2 pneumonitis $90.25/mo — 15
Grade 3 pneumonitis (one-time oxygen $1,371.32, — 15, 16, 18
equipment cost, monthly cost) $272.44/mo
Chest CT scan $379.10 18
Palliative care (for any recurrence) $42,236.49 $10,000-$50,000 14
Non-cancer end-of-life care $36,609.08 $10,000-$50,000 14

Abbreviations: NED = no evidence of disease; 3D-CRT = three-dimensional conformal radiation therapy; SBRT = stereotactic body radio-
therapy; RFA = radiofrequency ablation; CT = computed tomography.

Costs are expressed in 2009 US dollars.



4 1. J. Radiation Oncology @ Biology @ Physics Volume M, Number H, 2011
Table 2. Costs associated with 3D-CRT, SBRT, and RFA
Activity CPT/HCPCS Description No. ASC OPPS MPFS Subtotal
SBRT
Simulation 77290 Simulation—complex 1 $255.69 $78.26  $333.95
77334 Immobilization device—complex 1 $188.16 $62.03  $250.19
Physician planning 77263 Clinical treatment planning—complex 1 — $158.33 $158.33
77470 Special treatment procedure 1 $373.21 $104.95 $478.16
Physics plan 77295 Three dimensional planning 1 $892.90 $228.66 $1,121.56
77300 Dosimetry calculation 7 $114.70 $31.02  $1,020.04
77334 Treatment device—complex 7 $188.16 $62.03  $1,751.33
Treatment G0339 Stereo body robotic treatment (first) 1 $3,803.23 — $3,803.23
G0340 Stereo body robotic treatment 2 $2,579.82 — $2,579.82
(second—third)
Treatment management 77435 Stereotactic body treatment 1 — $664.70  $664.70
management
SBRT total $14,741.13
3D-CRT
Simulation 77290 Simulation—complex 1 $255.69 $78.26  $333.95
77334 Immobilization device—complex 1 $188.16 $62.03  $250.19
Physician planning 77263 Clinical treatment planning—complex 1 — $158.33  $158.33
77470 Special treatment procedure 1 $373.21 $104.95 $478.16
Physics plan 77295 Three dimensional planning 1 $892.90 $228.66 $1,121.56
77300 Dosimetry calculation 5% $114.70 $31.02  $728.60
77334 Treatment device—complex 5% $188.16 $62.03  $1,250.95
Treatment 77413 Radiation treatment delivery 35 $152.05 — $5,321.75
(6-10 MV)—complex
Treatment management 77427 Radiation treatment management 7 — $188.26 $1,371.28
3D-CRT total $11,014.77
RFA
32998 Ablation therapy for eradiation of $2054.92 $3071.83  $330.14 $5681.85
pulmonary tumor
77013 CT image guidance — — $197.77 $197.77
RFA total $5,879.62

Abbreviations: 3D-CRT = three-dimensional conformal radiotherapy; SBRT = stereotactic body radiotherapy; RFA = radiofrequency ab-
lation; CPT = Common Procedural Terminology; HCPCS = Healthcare Common Procedure Coding System; MPFS = Medicare physician fee
schedule; OPPS = outpatient prospective payment system; ASC = ambulatory surgical center; CT = computed tomography.

All costs are expressed in 2009 US dollars.
* Assumes 5 or 7 treatment fields.

Sensitivity analyses

Sensitivity analyses evaluate the effect of adjusting the assump-
tions of the model. We performed a wide range of one-way sensi-
tivity analyses for the parameters listed in Table 1. When one
strategy was both more effective (higher QALYs) and less costly,
that strategy is described as “dominating” the other strategies. If
a therapeutic approach is more effective but also more costly, the
incremental cost-effectiveness ratio (ICER) is described.

The intuitive and apparent sensitivity of the results to the local
control rates of the three treatments prompted a two-way sensitivity
analysis, in which the parameters listed in Table 1 were varied while
we also changed the assumed control rate of the therapies. Because
tumor control for each treatment is proportional to tumor volume,
for small, T1 cancers (assumed to be 2 cm), we assumed the best lo-
cal control rates reported in the literature for each modality: SBRT,
94% at 2 years (Radiation Therapy Oncology Group [RTOG] 0236);
3D-CRT, 81% at 2 years; and RFA, 88% at 1 year (RAPTURE [Ra-
diofrequency Ablation of Pulmonary Tumors Response Evaluation]
trial) (2, 13, 20, 21). To estimate the efficacy of treating larger T2
tumors, we used local control rate data from series that reported
results stratified by tumor size: SBRT, 78% at 3 years; 3D-CRT,
40% at 3 years; and RFA, 24% at 3 years (2, 12, 22).

Probabilistic sensitivity analysis

Probabilistic sensitivity analysis (PSA) is a technique in which
unknown parameters are assigned a probability distribution accord-
ing to prior data and Monte Carlo simulations are performed, in
which the value of the unknown parameter(s) is drawn from those
distributions. If the resulting ICER of the more effective strategy
is less than the societal willingness to pay (WTP), then that iteration
is considered cost-effective. This result is graphed on an acceptabil-
ity curve, which reports the percentage of iterations in which a strat-
egy is cost-effective at a series of societal WTP values.

We performed a PSA that varied efficacy of 3D-CRT, SBRT, and
RFA, as well as utility values of the NED and recurrence health
states. The probability distributions were created by use of a trian-
gular distribution function, in which the most likely, minimum, and
maximum values are specified. The most likely value was the value
used in the base-case analysis. The input distributions were struc-
tured as follows: 3D-CRT efficacy (minimum local failure rate,
20%; most likely, 37%; and maximum local failure rate, 80%);
SBRT efficacy (5%, 12%, and 20%, respectively); RFA efficacy
(10%, 43%, and 60%, respectively); utility value for NED health
state (0.6, 0.712, and 0.95, respectively); and utility value for recur-
rent health state (0.461, 0.5, and 0.712, respectively).
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Discounting

Both costs and QALY's were discounted at an annual rate of 3%.
The concept of discounting accounts for the fact that money today
is equal to more money in the future (an idea comparable but not
identical to an interest rate) and, similarly, that a given health status
today is equal to a higher health status in the future. There are ad-
ditional theoretic reasons why QALYs need to be discounted in
a cost-effectiveness analysis, which are beyond the scope of this
analysis (23).

RESULTS

Model validity

This model was validated for each treatment modality. The
model predicted 3-year local recurrence, regional recurrence,
and distant metastasis rates for patients undergoing SBRT of
10.5%, 9%, and 9%, respectively, which echoes the Indiana
University—reported rates of 12%, 9%, and 13%, respectively
(7). The model predicted 3- and 5-year overall survival rates
of 44% and 20%, respectively, which compares well with
the Indiana University data (43% and 15%, respectively).
For patients undergoing 3D-CRT, the model predicted
3-year local recurrence, regional recurrence, and distant me-
tastasis rates of 34%, 7%, and 7%, respectively, which are
quite comparable to the findings from Bradley et al. (2) of
37%, 13%, and 19%, respectively; it is notable that the latter
number on metastatic disease included cumulative incidence
of metastasis (rather than first failure). The predicted 3- and
5-year overall survival rates were 31% and 12%, respectively,
results similar to those of Bradley et al. and Sibley et al. (3),
which reported 3- and 5-year overall survival rates of 34% and

13%, respectively (Bradley et al. did not report 5-year results).
Finally, the model showed that patients undergoing RFA had
a predicted 3-year local recurrence rate of 40%, similar to data
from Simon et al. (12), which found a rate of 43% for tumors
less than 3 cm. The predicted 3-year overall survival rate was
29%, which is similar to the data from Simon et al., with a 3-
survival rate of 36%. The 5-year survival rates were moder-
ately different: the model predicted a rate of 10% vs. 27%.
Long-term survival is also dependent on underlying comor-
bidities, which could explain the difference. Thus, in sum-
mary, these results strongly suggest that our model emulates
the actual disease processes after treatment with any of these
modalities.

Base case

In the base-case analysis, RFA, 3D-CRT, and SBRT were
associated with a mean cost per quality-adjusted life-expec-
tancy of $44,648/1.45, $48,842/1.53, and $51,133/1.91, re-
spectively. The ICER of 3D-CRT over RFA was $52,400/
QALY. However, the ICER of SBRT over 3D-CRT was
$6,000/QALY, and thus the ICER of SBRT over RFA was
$14,100/QALY. In other words, if all three treatment options
are available to the clinician, in the base case, SBRT is
clearly the most cost-effective treatment, whereas if SBRT
delivery is not feasible, RFA is the next most cost-effective
option.

One-way sensitivity analyses
A series of 1-way sensitivity analyses were performed, the
results of which are shown in Table 3. In almost any

Table 3. One-way sensitivity analyses

ICER

Lower bound Upper bound

Parameter Range studied
Probabilities
NED to local recurrence
3D-CRT 20-80%
SBRT 5-25%
RFA 10-75%
NED to nodal recurrence 5-15%
NED to metastasis 5-25%
Recurrence to death 50-100%
SBRT Grade 3 pneumonitis rate 5-20%
Pneumothorax rate 0-26%
Utility values
NED 0.6-0.95
Pneumonitis 0.461-0.712
Chest wall pain 0.461-0.712
Recurrence 0.2-0.576
Costs
3D-CRT $5,000-$15,000
BRT $10,000-$20,000
RFA $3,000-$12,000

Palliative care
Non-cancer end-of-life care

$10,000-$50,000
$10,000-$50,000

SBRT ($29,700/Q)
SBRT ($10,200/Q)
RFA (dominant*)

SBRT($12,500/Q)
SBRT ($12,000/Q)
SBRT ($14,400/Q)
SBRT ($13,200/Q)
SBRT ($16,100/Q)

SBRT ($15,100/Q)
SBRT ($17,500/Q)
SBRT ($14,100/Q)
SBRT ($13,000/Q)

SBRT ($21,900/Q)
SBRT ($25,500/Q)
SBRT ($20,400/Q)
SBRT ($30,700/Q)
SBRT ($3,200/Q)

SBRT ($14,100/Q)
SBRT ($40,300/Q)
SBRT ($6,000/Q)

SBRT ($17,200/Q)
SBRT ($18,700/Q)
SBRT ($11,100/Q)
SBRT ($16,200/Q)
SBRT ($12,800/Q)

SBRT ($13,500/Q)
SBRT ($11,600/Q)
SBRT ($14,100/Q)
SBRT ($15,100/Q)

SBRT ($14,100/Q)
SBRT ($3,800/Q)
SBRT ($800/Q)
SBRT ($10,100/Q)
SBRT ($19,600/Q)

Abbreviations: ICER = incremental cost-effectiveness ratio; NED = no evidence of disease; 3D-CRT = three-dimensional conformal ra-

diotherapy; SBRT = stereotactic body radiotherapy; RFA = radiofrequency ablation; Q = quality-adjusted life-year.

* Refers to a strategy that is more effective and less costly than the baseline strategy.
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scenario, SBRT was the most cost-effective option, with
ICER values generally less than $25,000/QALY, which is
well under most accepted societal WTP values (8). It is im-
portant to note that RFA dominated the other two strategies
when its associated 3-year risk of local recurrence was only
10% while keeping the local recurrence risks of SBRT and
3D-CRT at 12% and 37%, respectively. This result prompted
a two-way sensitivity analysis, in which one tested parame-
ter was tumor size, because size is strongly correlated with
success rates in both radiotherapy and RFA.

Two-way sensitivity analyses

Two-way sensitivity analyses were used to estimate the
cost-effectiveness of these treatments for small (T1, esti-
mated at 2 cm in diameter) and large (T2, estimated at 4
cm) primaries, and the results are shown in Table 4. When
only the size was varied, SBRT was cost-effective for both
T1 (ICER of SBRT over RFA of $30,400/QALY) and T2
cancers (ICER of SBRT over 3D-CRT of $3,900/QALY).
Even for T1 malignancies, in which the other two less-
costly treatments themselves result in increased local con-
trol, SBRT (assumed to have a 2-year local control rate of
94% per RTOG 0236) was almost always the most cost-
effective treatment; this result held true even when the utility
values were widely varied, suggesting that the result is not
sensitive to patient preferences. It is notable that if the cost
of SBRT was $20,000 (significantly higher than Medicare re-
imbursement) or the cost of palliative care was only $10,000
(significantly lower than suggested in the literature), RFA
was the most cost-effective strategy at a societal WTP of
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$50,000/QALY: the ICERs of SBRT over RFA were
$52,300/QALY and $51,700/QALY for the more expensive
SBRT and less expensive palliative care analyses, respec-
tively. Although the local control rates for all 3 modalities
decrease with T2 tumors, the drop is significantly less with
SBRT, and thus SBRT was always the most cost-effective
therapy in treating these larger tumors.

It is also worth noting that holding other variables con-
stant, the ICER for 3D-CRT over RFA was $107,000/
QALY for small tumors but $6,800/QALY for larger tumors,
again showing that RFA is the cost-effective treatment op-
tion for small—but not large—peripheral NSCLCs in which
SBRT is not available.

Probabilistic sensitivity analysis

The PSA is shown in Fig. 2. The varied parameters in-
cluded the efficacy of 3D-CRT, SBRT, and RFA, as well as
the utility values of the NED and recurrence health states.
The probability that SBRT was cost-effective at a societal
WTP of $50,000/QALY was 70%, and in fact, SBRT was
cost-effective in the majority of the trials once the WTP ex-
ceeded only $30,000/QALY. These results further support
the cost-effectiveness of SBRT over a wide range of assump-
tions.

DISCUSSION

We have shown that, given previously published data,
SBRT is the most cost-effective treatment for medically in-
operable Stage I NSCLC. These results are robust over

Table 4. Two-way sensitivity analyses

ICER
T1 cancer T2 cancer
Parameter Range studied Lower Upper Lower Upper

Probabilities

NED to nodal recurrence 5-15% SBRT* SBRT! SBRT* SBRT*

NED to metastasis 5-25% SBRT* SBRT' SBRT* SBRT*

Recurrence to death 50-100% SBRT! SBRT* SBRT* SBRT*

(1-y probability)

SBRT Grade 3 pneumonitis rate 5-20% SBRT* SBRT* SBRT* SBRT*

Pneumothorax rate 0-26% SBRT' SBRT* SBRT* SBRT*
Utility values

NED 0.6-0.95 SBRT' SBRT* SBRT* SBRT*

Recurrence 0.2-0.576 SBRT! SBRT! SBRT* SBRT*
Costs

3D-CRT $5,000-$15,000 SBRT' SBRT' SBRT* SBRT*

SBRT $10,000-$20,000 SBRT* RFA' SBRT* SBRT*

RFA $3,000-$12,000 SBRT! SBRT* SBRT* SBRT!

Palliative care $10,000-$50,000 RFA' SBRT' SBRT* SBRT*

Non-cancer end-of-life care $10,000-$50,000 SBRT* SBRT' SBRT* SBRT*

Abbreviations: ICER = incremental cost-effectiveness ratio; NED = no evidence of disease; SBRT = stereotactic body radiotherapy; 3D-
CRT = three-dimensional conformal radiotherapy; RFA = radiofrequency ablation.

* Scenarios in which the incremental cost-effectiveness ratio for SBRT is less than $25,000 per quality-adjusted life-year.

T Scenarios in which the incremental cost-effectiveness ratio for SBRT or RFA is between $25,000 per quality-adjusted life-year and

$50,000 per quality-adjusted life-year.
Scenarios in which SBRT dominates the other two strategies.
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Fig. 2. Acceptability curve. This curve represents the proportion of
trials drawn on a hypothetical distribution of unknown parameters
that result in an incremental cost-effectiveness ratio for stereotactic
body radiotherapy (SBRT) less than the societal willingness to pay.
Varied parameters include efficacy of three-dimensional conformal
radiation therapy (3D-CRT), SBRT, and radiofrequency ablation
(RFA), as well as utility values of no evidence of disease (NED)
and recurrence health states. QALY = quality-adjusted life-year.

a wide range of assumptions, including the efficacy of each
treatment modality, natural history of Stage I lung cancer
(e.g., nodal and distant recurrence risks), health state utility
values, and costs. Even when the costs of the less efficacious
therapies were substantially lowered, SBRT was still clearly
the most cost-effective strategy.

As shown in the one-way, two-way, and probabilistic sen-
sitivity analyses, there were only a few parameters that sub-
stantially affected the model results. The one key variable
that appeared to change the outcome was the local recurrence
risk of RFA. If the 3-year local recurrence risk of RFA was
90% and the risk for SBRT remained at 88% (base-case as-
sumption), the less expensive RFA will obviously dominate
the analysis. Because tumor size is the largest determinant
of failure rates, we then performed a two-way analysis com-
paring the three treatments with small and large tumors. This
analysis was a more fair comparison, because the tumors that
can be successfully treated by RFA should also be more eas-
ily ablated with radiotherapy. Indeed, for both T1 and T2 ma-
lignancies, SBRT was still the most cost-effective treatment
modality over many assumptions. Furthermore, if SBRT is
not available, RFA would be the most cost-effective therapy
for small cancers, whereas 3D-CRT would be the preferred
modality for larger lesions.

The implications of this study could affect a significant
number of patients, because an estimated 25% to 35% of
early-stage lung cancer patients are not medically fit for lo-
bar resection, and thus alternative therapies must be imple-
mented (24). Furthermore, if computed tomography—based
screening becomes an accepted approach for patients at
risk for lung cancer, the number of individuals with a new di-
agnosis of Stage I lung cancer would clearly increase (25).

Until recently, the only treatment for such inoperable pa-
tients was conventional radiation treatment, which was in-
convenient and relatively ineffective. As SBRT and RFA

have become more established and studied, it has become
clear that they are viable options for treatment of this disease
(1). However, until the present analysis, it was unknown
whether the increased efficacy of SBRT justified its higher
cost or whether the lower cost of RFA could overcome its
variable efficacy. As we have shown, the superb control rates
with SBRT overwhelm almost any increase in cost.

This study has several limitations. First, any cost-
effectiveness analysis is based on key assumptions that
may affect its results. In this analysis we based our clinical
parameters on single-arm Phase II data and retrospective
studies, because there has never been—and likely never
will be—a prospective comparison of the three techniques.
Our model is therefore based on the best existing data. It is
important to mention that the majority of local control data
for SBRT are derived from studies of T1 rather than T2 tu-
mors, which may overstate the efficacy of the technique
with larger cancers. However, we used a conservative
estimate for local control in this setting (78%), which is con-
sistent with the reported data thus far, and SBRT was still
cost-effective for T2 malignancies (22).

Given the recognized parameter uncertainty in any model,
sensitivity analyses significantly improve the validity of
cost-effectiveness analyses by testing disease models over
a wide range of assumptions and values. We tested our model
over a spectrum of plausible assumptions, including varying
the underlying local recurrence rates after the three treat-
ments, natural history of Stage I lung cancer, utility values,
and treatment costs, and consistently found SBRT to be
cost-effective in comparison to 3D-CRT and RFA across
a wide range of societal WTP levels. We therefore feel con-
fident in our findings despite the assumptions inherent in
modeling disease outcomes using limited available data.

In addition, our analysis was performed from the payer
perspective (i.e., Medicare) rather than a societal perspective
(26). Because the vast majority of these patients are covered
by Medicare, and the issues of cost-effectiveness are now
central to the arguments favoring health care reform, we
thought it was particularly relevant to take the payer perspec-
tive. Moreover, given the consistent findings in the sensitiv-
ity analyses and the minimal additional societal costs for
these elderly patients—such as the time and productivity
costs of treatment—our conclusions would hold true from
any economic perspective.

Finally, it is important to note that this cost-effectiveness
analysis applies only to peripheral tumors. As shown in two
studies, performing SBRT for centrally based lesions, de-
fined as within 2 cm of the proximal bronchial tree, can re-
sult in excess morbidity and mortality (27, 28). Indeed,
currently, RTOG is performing a Phase I study evaluating
the safety of various hypofractionation regimens. On the
other hand, 3D-CRT is significantly more tolerable when
treating early-stage lung cancers located in the center of
the chest; thus one cannot apply our findings to medially lo-
cated lesions.

In conclusion, we have shown that, based on currently
available data, SBRT is the most cost-effective nonsurgical
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treatment for peripheral, early-stage lung cancers. Our re-
sults make a strong argument that SBRT should be the pri-
mary reimbursed therapy for these tumors in medically
compromised individuals, except in those with very small
peripheral lesions that may be successfully ablated by
RFA. If SBRT is available, conventional fractionated radio-

10.

11.

12.

Volume M, Number H, 2011

therapy no longer appears to be a viable treatment approach
for peripheral, early-stage lung cancers, based either on effi-
cacy or on cost outcomes. This study is the first of its kind to
analyze the cost-effectiveness of SBRT; as SBRT becomes
used in more clinical situations, it is imperative to assess
its cost-effectiveness as well as its efficacy.
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