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Abstract

Purpose—Accelerated partial breast irradiation (PBI) is a new treatment paradigm for early-stage
breast cancer. Although PBI may lead to higher local recurrence rates, it may be cost-effective
because of better tolerability and lower cost. We aimed to determine the incremental cost-
effectiveness of PBI compared to whole breast radiation therapy (WBRT) for estrogen-receptor
positive postmenopausal women treated for early-stage breast cancer.

Methods and Materials—We developed a Markov model to describe health states in the 15 years
following radiotherapy (RT) for early-stage breast cancer. External beam (EB) and MammaoSite (MS)
PBI were considered and assumed to be equally effective but carried different costs. Patients received
tamoxifen but not chemotherapy. Utilities, recurrence risks, and costs were adapted from the
literature; the baseline utility for no disease after RT was set at 0.92. Probabilistic sensitivity analyses
were performed to model uncertainty in the PBI hazard ratio (HR), recurrence pattern, and patient
utilities. Costs (in 2004 $US) and QALY were discounted at 3%/year.

Results—The incremental cost-effectiveness ratio for WBRT compared to EB-PBI was $630,000/
QALY; WBRT strongly dominated MS-PBI. One-way sensitivity analysis found the results were
sensitive to PBI HR, recurrence pattern, baseline recurrence risk, and NED-PBI utility values.
Probabilistic sensitivity showed that EB-PBI was the most cost-effective technique over a wide range
of assumptions and societal willingness-to-pay values.

Conclusions—EB-PBI was the most cost-effective strategy for postmenopausal women with
early-stage breast cancer. Unless the quality-of-life after MS-PBI proves to be superior, it is unlikely
to be cost-effective.
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Introduction

Accelerated partial breast irradiation (PBI) is a relatively new radiotherapy technique that treats
only part of the breast over a dramatically shorter time than traditional whole breast
radiotherapy (WBRT). A typical course of PBI involves twice daily treatments over 4-5 days,
versus 5-7 weeks of daily treatment incurred with WBRT. Therefore, advantages of PBI
include improved convenience and morbidity, and preliminary evidence suggests similar
control rates. Currently, three modalities of PBI are commonly used — external beam (EB-
PBI), interstitial brachytherapy (IB-PBI), and MammaoSite brachytherapy (MS-PBI) — with
vastly different costs. Interstitial brachytherapy delivers radiation through surgically-placed
catheters, while MammosSite brachytherapy delivers radiation via a small sphere placed into
the surgical cavity. The two brachytherapy techniques are nearly twice as expensive as EB-
PBI.2 Thus far no difference in local control rates has been shown among these three.

Prior cost-effectiveness analyses of conventional breast or chest wall radiotherapy have
generally shown that its incremental cost-effectiveness ratio is below the societal willingness-
to-pay threshold of $50,000 when used for adjuvant treatment of ductal carcinoma in situ,3
early-stage breast cancer,# and high-risk post-mastectomy breast cancer.® The cost-
effectiveness of PBI has not yet been examined, but given the prevalence of breast cancer, the
results from such an analysis may have broad implications.

We have previously published a decision analysis comparing PBI with whole breast
radiotherapy for early-stage breast cancer.b Our baseline analysis revealed that even with the
assumption of equivalent quality-of-life following PBI and conventional breast radiotherapy
(which may in fact underestimate the quality-of-life benefit afforded by PBI), PBI is only a
marginally inferior treatment strategy. Given the near equivalence in outcomes of the two
approaches, the significantly lower cost of external beam PBI raises the possibility for EB-PBI
to be cost-effective compared with whole breast radiotherapy. We therefore performed a cost-
effectiveness analysis comparing EB-PBI and MS-PBI to whole breast radiotherapy for
adjuvant treatment of early-stage breast cancer.

Materials and Methods

Decision model

We designed a Markov model to simulate the clinical history of 55 year-old women with
estrogen-receptor (ER) positive, stage | breast cancer (pT1NO by the tumor-node-metastasis
system’) after lumpectomy. Markov simulation allows hypothetical cohorts of women to
transition between different health states in fixed increments of time.8

Patients begin in the model in the well state (no evidence of disease, NED), having received
treatment with either WBRT or PBI. These initial states are titled NED-PBI or NED-WBRT
(Figure 1). From these states, a patient can transition in the model to the disease states, including
local recurrence (LR), defined as recurrence in the same quadrant of the breast, elsewhere
failures (EF), defined as recurrence in a different quadrant of the breast, well after salvage
mastectomy (NED-MTX), and distant metastasis (DM). Possible terminal states into which a
woman could transition are death from breast cancer and death from other causes.
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A 15-year time horizon was used in the model, due to evidence that improved local control
manifests a survival benefit over this time period.9 The model was created and analyzed using
Data TreeAge Pro (Williamstown, MA).

Model assumptions and data

Utilities

Assumptions and data sources for the decision model are described elsewhere and are shown
in Table 1.6 Costs for PBI regimens were taken from a societal-perspective economic analysis
published by Suh et al.2

For the well state following treatment with either whole or partial breast radiotherapy we used
the same utility value of 0.92 (on a scale of 0-1, O=being dead and 1=optimal health), elicited
by Hayman et al. from women treated for early-stage breast cancer (using standard gamble
technique).10 There are no published data on utilities for the health states during and
immediately after either type of radiotherapi/. Others have suggested that PBI has health-related
quality of life benefits in several domains. 1 We used an equivalent utility value for the time
period following either intervention, and tested this value in sensitivity analyses. Because there
may be a later incidence of fibrosis and skin changes associated with shorter course, high dose
per fraction therapy, we included a later stage post-PBI utility (for years 6-15 following
radiotherapy) which we adjusted separately from the early stage period of the first 5 years in
sensitivity analyses. Utilities for health states after salvage mastectomy and distant metastases
were extracted from published literature.® The effect of tamoxifen on utility has been estimated
in terms of a disutility of 0.05,12 which we used in our model with the assumption of an additive
relationship among utilities (and we tested this inclusion in sensitivity analyses).

Sensitivity analyses

Sensitivity analyses allow the modeler to adjust the assumptions of the model and measure the
effect of these adjustments on the model results. We performed these analyses over a wide
range of assumptions for all parameters that are listed with a range in Table 1. We performed
a series of two-way sensitivity analyses to determine the optimal treatment outcome when the
PBI hazard ratio (HR) and either the 5-year breast recurrence rate or pattern was varied. A two-
way sensitivity analysis was also performed to study the influence of varying early and late
PBI utilities. This latter analysis represents the potential for an initial quality-of-life benefit
from PBI, followed by a quality-of-life decrement from late fibrosis. These parameters were
chosen for analysis because they are the key clinical features of PBI that may be significantly
different than conventional radiotherapy. Each sensitivity analysis was performed twice, once
with the societal willingness-to-pay (WTP) assumed to be $50,000/QALY, and once with the
WTP assumed to be $150,000/QALY, a value much higher than commonly used.

Probabilistic sensitivity analyses

Probabilistic sensitivity analysis is a technique in which unknown parameters are assigned a
probability distribution according to prior data, and Monte Carlo simulations are performed in
which the unknown parameter(s) are drawn from those distributions. If the resulting cost-
effectiveness of the more effective technology (i.e. WBRT) is less than the societal WTP, then
it is considered cost-effective. This result is graphed on an acceptability curve, which reports
the percentage of trials in which a strategy is cost-effective at a series of societal willingness-
to-pay values.

We performed 3 probabilistic sensitivity analyses. The first solely drew from a distribution of
PBI hazard ratios (i.e., hazard for LR with respect to EB-PBI) with an expected value of 1.25,
modeled by a gamma distribution with an alpha of 25 and a lambda of 20. The second analysis
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drew on both the distribution of PBI HR and a distribution of recurrence patterns, in which the
expected value of the fraction of IBTRs that were local was 79%; this distribution was chosen
to emulate the published data on failure patterns.lg"16 That distribution was created such that
there was a 5% chance that 50-60% of the IBTRs were local, a 17% chance that 60-70% of
the IBTRs were local, a 27% chance that 70-80% of the IBTRs were local, a 37% chance that
80-90% of the IBTRs were local, and a 15% chance that 90-100% of the IBTRs were local.
Finally, the third probabilistic sensitivity analysis included the prior two distributions, plus
normal distributions on the NED-PBI utilities for the first five years and the last ten years. The
mean value for the early utility was 0.93, and the mean value of the late utility was 0.92, with
a standard deviation of 0.01 for both.

Both costs and QALY's were discounted at an annual rate of 3%.

Model validity

The external validity of our model was assessed by comparing the results from our model with
those of another, external prediction tool. Our model’s 10-year overall survival and breast
cancer mortality were compared with the predicted results from Adjuvant!Online. For a 55
year-old woman with lymph-node negative, ER-positive breast cancer, our model predicted a
10-year overall survival of 86.3% and breast cancer mortality of 5.5%, while Adjuvant!Online
estimated overall survival of 85.1% and breast cancer mortality of 5.4%. This comparison
suggests that our model is comparable to Adjuvant!Online for predicting clinical outcomes.

Base case incremental cost-effectiveness

The incremental cost-effectiveness ratio (ICER) for whole breast radiotherapy was $630,000/
QALY when compared with external beam-PBI. However, because whole breast radiotherapy
is more effective and less expensive than MammaoSite-PBI, whole breast radiotherapy strongly
dominated MS-PBI. Since utility values may vary from person-to-person, we repeated the
analysis using life-years as the effectiveness measure. As would be expected, the ICER rose
to $1.6 million/LY.

Sensitivity analyses

As the risk of ipsilateral breast tumor recurrence (HR for PBI) decreased and PBI became more
effective, external beam-PBI became an increasingly cost-effective strategy specifically
because of the reduced risk of recurrence. Figure 2 displays the results of this two-way
sensitivity analysis. At a societal willingness-to-pay (WTP) of $50,000/QALY (Figure 2a),
PBI was cost-effective over the vast majority of combinations of PBI hazard ratios for
recurrence. When the WTP was increased to $150,000/QALY (Figure 2b), whole breast
radiotherapy was more likely to be the preferred treatment, because its increased cost was
overcome by its reduced breast tumor recurrence risk.

Furthermore, when there was an increase in the fraction of ipsilateral breast tumor recurrences
that were local, EB-PBI was more likely to be the cost-effective treatment compared with whole
breast radiotherapy (Figure 3). In fact, the incremental cost-effectiveness ratio of WBRT was
above $50,000/QALY (Figure 3a) but below $150,000/QALY (Figure 3b) over a wide range
of PBI hazard ratios and recurrence patterns.

Our previous analysis showed that this model is very sensitive to the early and late utilities for
partial breast irradiation. This sensitivity is seen in Figure 4, which shows that if the NED
utilities are equivalent in the first five years, even if the late NED-PBI utility is less than the
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late NED-WBRT utility, PBI could be the preferred treatment strategy; that is, PBI may still
be cost-effective even if there is unexpected late toxicity.

MammoSite-PBI was not cost-effective at either WTP threshold, owing to its equivalent
efficacy to EB-PBI but with a significantly higher cost.

Probabilistic sensitivity analyses

Three probabilistic sensitivity analyses were performed, revealing that external beam PBI is
cost-effective over a wide range of willingness-to-pay thresholds and model parameters,
whereas MammoSite PBI was rarely cost-effective over those same assumptions. The results
are displayed in Figure 5. When only the PBI hazard ratio was varied (normal distribution
around 1.25), external beam PBI was cost-effective for the vast majority of the trials (Figure
5a). In contrast, MS-PBI was not cost-effective at any of the WTP thresholds.

When both the PBI HR and the fraction of recurrences that were local were varied, EB-PBI
was still cost-effective for the majority of the trials through a WTP of $100,000/QALY, beyond
which WBRT was more often cost-effective. MS-PBI was still not cost-effective at any of the
WTP thresholds.

Finally, when PBI HR, fraction of IBTRs that were local, and NED-PBI utilities were varied,
EB-PBI was again the cost-effective strategy for the vast majority of the trials. Of note, under
these conditions, MS-PBI was cost-effective compared to WBRT in some trials, due to the
small chance that the well-state utilities after PBI were significantly higher than after whole
breast RT, mitigating its increased cost.

Discussion

The growing interest in accelerated partial breast irradiation has largely been driven by
considerations of cost and patient convenience.. Although the convenience benefit of receiving
1 week (most deliver treatment over 5 days) of radiotherapy instead of 6 weeks are self-evident,
there have been no assessments of the potential cost-effectiveness. Our analysis has shown that
external beam PBI is cost-effective compared with whole breast radiotherapy over a wide range
of reasonable assumptions. In contrast, MammosSite-based treatment is not cost-effective over
those same parameters, both in deterministic and probabilistic sensitivity analyses over a wide
range of WTP thresholds.

This study has several limitations. First, any cost-effectiveness analysis is based on key
assumptions which may dramatically affect its results. In this analysis, we based our clinical
parameters (i.e. PBI efficacy and patterns of recurrence) on single-arm phase | and 1l data. The
NSABP is currently performing a large phase I11 randomized trial comparing WBRT and PBI,
but the results will not be available for 5-10 years. This trial allows physician to deliver PBI
using external beam, MammosSite, or interstitial brachytherapy techniques. Our analysis is
therefore based on the best existing data, though limited in scope and external validity. In
addition, some outcomes of PBI are not well established, such as late-stage morbidity after
PBI, so our analysis included assumptions about these occurrences and parameters. In such
cases we attempted to bias our results toward the null hypothesis (i.e., towards whole breast
radiation therapy), minimizing differences between the modalities. One must also consider that
utility values and quality-of-life measures vary from individual to individual, and thus the
QALY is a subjective measure of efficacy, although QALY are the standard metric used in
cost-effectiveness analyses. Finally, model-based cost-effectiveness analyses such as the
present study are inherently retrospective, and as described above, they depend on published
data and deterministic and probabilistic sensitivity analyses to generalize the results.
Prospective cost-effectiveness trials are based on actual patient data and more accurately reflect
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real-world conditions, but the time and expense associated with their completion will likely
preclude such a study of this question.

Nevertheless, sensitivity analyses vastly 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 the underlying recurrence rate, pattern of
recurrences, PBI efficacy, and utility values, and consistently found external beam PBI to be
cost-effective compared with whole breast radiotherapy across a wide range of societal
willingness-to-pay levels. We conducted further probabilistic sensitivity analyses in which we
specifically biased our model against PBI by assuming its mean HR for local recurrences was
1.25 and allowing a relatively high rate of elsewhere failures, but we found our results to be
robust. Finally, we also assumed that salvage lumpectomy is equally unlikely after PBI and
WBRT, although repeat breast-conserving therapy may be more feasible after PBI,17 and we
still found that external beam PBI was the preferred treatment over a broad spectrum of WTP
values. In sum, we feel confident in our results despite the assumptions inherent in modeling
disease outcomes using limited available data.

Although the final results of NSABP B-39 will be invaluable in comparing the local recurrence
rates and patterns of failure after PBI and WBRT, a definitive cost-effectiveness analysis will
require more data than that provided by the trial. Additional research must be performed to
evaluate the health states following PBI and WBRT, including the possibility of late fibrosis
and telangiecstasias. Quality-of-life during and following EB-PBI and MS-PBI need to be
compared to determine if the higher cost of MammoSite brachytherapy is an improvement over
its external beam counterpart.

In addition, hypofractionated schemes for whole breast radiotherapy may have similar efficacy
to treatment delivered with standard fractions at a lower total cost, and this “Canadian
fractionation” regimen may also be cost-effective in comparison to standard whole breast
radiation treatment.

Our results have broad implications, both within the United States and beyond. Breast cancer
is a common disease, afflicting roughly 200,000 American women in 2007.18 our analysis
studied post-menopausal women with breast cancer who account for the majority of new
diagnoses and deaths from the disease.19 Given this high prevalence, resource-conscious
health care systems may want to consider cost-effectiveness when deciding on appropriate
adjuvant therapies for early-stage breast cancer.

In a cost-conscious environment, our results suggest that external beam PBI should be given
preference over whole breast radiotherapy to the appropriate patient. Unless the costs
associated with MammosSite are significantly lowered, or quality-of-life after its use is superior
to its alternatives, MammosSite brachytherapy is not likely to be a cost-effective technique. As
local control rates continue to improve with more effective radiation delivery and systemic
therapy, quality-of-life concerns become increasingly important, and additional investigation
is crucial to characterize the long-term sequelae of both conventional whole breast and
accelerated partial breast radiotherapy.
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Mastectomy

Figure 1.

Markov model. NED = no evidence of disease. The utility of the NED health states may vary
according to modality of radiotherapy (WBRT vs. PBI) and to time since RT (0-5 years versus
6-15 years).
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Figure 2.

Two-way sensitivity analysis of early (i.e. 5-year) IBTR risk and PBI hazard ratio (PBI HR).
The X-axis represents the 5-year breast recurrence rate, and the Y-axis is the PBI HR. The
hatched area represents conditions (i.e. a 5-year IBTR risk and a given PBI HR) under which
WBRT is the cost-effective treatment (i.e. incremental cost-effectiveness ratio < $50,000/
QALY). The remaining solid area reflects conditions under which PBI is the cost-effective
strategy. As the IBTR risk increases and PBI becomes less effective, WBRT is more likely to
be the cost-effective strategy. Panel (A) assumes the societal willingness-to-pay is $50,000/
QALY. Panel (B) assumes the societal willingness-to-pay is $150,000/QALY.
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Figure 3.

Two-way sensitivity analysis of fraction of early IBTRs (i.e. years 0-5) that are local
recurrences and PBI hazard ratio (PBI HR). The X-axis represents the fraction of breast
recurrences that are local recurrences instead of elsewhere failures, and the Y-axis is the PBI
HR. The hatched area represents conditions (i.e. a given fraction of IBTRs that are LR and a
given PBI HR) under which WBRT is the cost-effective treatment. The remaining solid area
reflects conditions under which PBI is the optimal strategy. As the fraction of IBTRs that are
local increases and PBI becomes more effective, PBI is more likely to be the cost-effective
strategy. Panel (A) assumes the societal willingness-to-pay is $50,000/QALY. Panel (B)
assumes the societal willingness-to-pay is $150,000/QALY.
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Figure 4.

Two-way sensitivity analysis of the NED-PBI utility values in the first 5 years after RT (X-
axis) and in years 6-15 (Y-axis). The hatched area represents a combination of utility values
for which WBRT is the cost-effective treatment, while the remaining solid area represents the
combination of utility values for which PBI is the cost-effective therapy. Panel (A) assumes
the societal willingness-to-pay is $50,000/QALY . Panel (B) assumes the societal willingness-
to-pay is $150,000/QALY.
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Figure 5.

Acceptability curves. These curves represent the proportion of trials drawn on a hypothetical
distribution of unknown parameters that result in an incremental cost-effectiveness ratio for
PBI less than the societal willingness-to-pay. Panel (A): Only unknown parameter is the PBI
hazard ratio (HR). Panel (B): Unknown parameters are PBl HR (mean 1.25) and fraction of
IBTRs that are local (mean 0.75). Panel (C): Unknown parameters are PBI HR, fraction of
IBTRs that are local, and NED-PBI utilities for both the first five years (mean 0.93) and the
following ten years (mean 0.92).
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Table 1
Probabilities, hazard ratios, and utilities used in this study. Years refers to the years
in which the probabilities apply. Tamoxifen hazard ratios are relative to no
hormonal therapy. PBI hazard ratios for local recurrence (LR) and elsewhere
failure (EF) are relative to WBRT. Costs are expressed in US2004$.

Event Years Baseline Value Range Studied Reference

Probabilities

NED = IBTR 0-5 6.7% (5-year) 29%-20%
6-10 3.3% (5-year) 2-5% 9
11-15 0 --

IBTR = Metastasis 0-15 20% (10-year) 10-40% 20

NED = Metastasis 0-10 11% (10-year) 5-20% 21
11-15 6.7% (5-year) -

Metastasis = Death 0-15 32.8% (1-year) - 22

% failures that are local 0-5 93% 50-93%
6-10 62% 50-75% 16
11-15 N/A --

Hazard ratios

Tamoxifen Distant HR 0-5 0.64 --
6-10 0.69 - 9
11-15 1 --

Tamoxifen IBTR HR 0-5 0.47 --
6-10 0.69 - 9
11-15 1 --

PBI LR HR 0-5 1 0.75-2.0
6-10 1 0.75-2.0 --
11-15 1 -

PBI EF HR 0-5 3 2-4
6-10 1 1-3 -
11-15 1 --

Utilities

NED-WBRT 0-15 0.92 -- 10
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Event Years Baseline Value Range Studied Reference
NED-PBI 0-5 0.92 0.92-0.96

6-15 0.92 0.88-0.96 -
Well after salvage mastectomy 0-15 0.82 - 10
Distant metastasis 0-15 0.62 - 5
Disutility of tamoxifen 0-10 0.05 0-0.05 12
Costs
PBI-External Beam 0 $7,900 - 2
PBI-MammoSite 0 $18,800 - 2
WBRT 0 $11,190 -- 2
Treatment of local recurrence Total $20,879 - 23
Treatment of metastases Total $13,627 - 23
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