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s u m m a r y

Purpose: To review and synthesize all available evidence in order to explore the cost-effectiveness of par-
ticle therapy (carbon-ions, protons) compared to the best current treatments for non-small-cell lung can-
cer (NSCLC), and the value of additional research. The present study focuses on stage I NSCLC, as no data is
available for more advanced stages.
Methods: A probabilistic decision-analytic Markov model was constructed to synthesize all available evi-
dence. Comparative treatments were carbon-ions, protons, conventional radiotherapy (CRT) and stereo-
tactic radiotherapy (SBRT) for inoperable stage I NSCLC; and carbon-ions and SBRT for operable stage I
NSCLC. The expected value of perfect information (EVPI) was calculated to support research decisions.
Results: For inoperable stage I NSCLC, carbon-ion therapy costed €67.257 per quality-adjusted-life-year
gained compared to SBRT. Both treatments dominated protons and CRT. Considerable uncertainty sur-
rounded these results, resulting in a high EVPI. For operable stage I NSCLC SBRT dominated carbon-ion
therapy.
Conclusions: Due to the considerable uncertainty in stage I NSCLC, and the lack of data on more advanced
stages, it is recommended not to adopt particle therapy as standard treatment in NSCLC yet. More evi-
dence is needed to reduce the decision uncertainty and to support evidence-based treatment decisions.
It might be worthwhile to invest in a particle facility for clinical research. Future research should also
weigh the investment risk, value of information and costs of delay.

� 2010 Elsevier Ltd. All rights reserved.
Introduction

Lung cancer is estimated to be the leading cause of cancer death
in 2009.1 Despite improvements in diagnostics and treatment, the
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alth Organization, Policy and
MD Maastricht, The Nether-

.C. Grutters), madelon.pijls@-
maastro.nl (D.D. Ruysscher),
er@turntown.com (S. Reimo-
ilippe.lambin@maastro.nl (P.
prognosis of lung cancer patients remains poor, with 5-year overall
survival rates between 6% and 18%.2 As local tumor failure remains
high, new ways to deliver radiotherapy beyond photons have been
examined, including protons and carbon-ions. Because of their
superior dose-distribution and for carbon-ions also their biological
characteristics, a clinical benefit is expected with these charged
particles. Particle therapy could minimize the extent and severity
of normal tissue injury, and/or permit an increased dose to the tu-
mor, thereby improving local tumor control. However, particle
therapy is associated with considerable investment costs, and
there already is increasing concern about the substantial increase
in the cost of cancer care worldwide.3 Currently, decisions need
to be made worldwide whether or not to adopt particle therapy
as standard treatment, and for which indications, and whether or
not to invest in particle facilities. Since resources are scarce, we
need to examine whether the effects of new technologies such as
particle therapy are worth the extra costs4, to allow for
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Fig. 1. Schematic diagram of the Markov model.
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evidence-based decision-making. Economic evaluation is a method
to examine this trade-off between costs and effects of comparative
treatments. However, economic evaluation on particle therapy
requires effectiveness data, which for lung cancer are only avail-
able in stage I non-small cell lung cancer (NSCLC).5 The present
study therefore focuses on stage I NSCLC.

Since the clinical effect has not yet been investigated in compar-
ative studies6, economic evaluation on particle therapy in NSCLC
will need to draw on evidence from a range of sources. Decision-
analytic modeling is a tool to synthesize available evidence from
different sources to inform decision-making under conditions of
uncertainty.7,8 Additionally, one can assess the value of additional
research, and specifically what type of evidence would be most
valuable. It can therefore assist in making a twofold decision: (1)
whether an intervention should be adopted, given the current evi-
dence, and (2) whether it is worthwhile to perform additional re-
search to reduce uncertainty surrounding the first decision.9 This
second decision is especially relevant in the light of the ongoing
debate regarding randomized trials in particle therapy.10–19

The current paper aims to review and synthesize all available
evidence in a decision-analytic Markov model, to (1) explore the
cost-effectiveness of particle therapy, both protons and carbon-
ions, compared to the best currently available treatments for stage
I NSCLC, and (2) to assess the value of additional research, and for
which topics further research is most valuable.
Methods

Model description

A decision-analytic Markov model was constructed with mutu-
ally exclusive health states, to compare the expected costs and ef-
fects of comparative treatment modalities. In this model each cycle
a hypothetical cohort of NSCLC patients moves between the health
states according to a set of transition probabilities. The cycle length
of the model was one year. A five-year time horizon was used, be-
cause the proportion of events occurring after five years is small
and no data were available beyond this time point. Comparative
treatments depended on whether patients were medically opera-
ble. First, for inoperable stage I NSCLC, carbon-ion and proton ther-
apy were compared to conventional radiotherapy (CRT) and
stereotactic body radiotherapy (SBRT). Second, for operable stage
I NSCLC, carbon-ion and proton therapy were compared to SBRT.
When carbon-ion and/or proton therapy were cost-effective com-
pared to SBRT, surgery would also be included as a comparator.
The Markov model was built and analyzed in Microsoft Office Excel
2003.
Model construction

Health states
Health states were based on whether patients were alive and

whether they had grade 3 or higher irreversible dyspnoea
(Fig. 1). Intermediate states were used to represent acute adverse
events (pneumonitis or oesophagitis grade 3 or more or treat-
ment-related death) in the first six weeks during or directly after
radiotherapy. Adverse events were graded according to the Na-
tional Cancer Institute Common Terminology Criteria for Adverse
Events (CTCAE).20 The final absorbing state was ‘death’, either
due to cancer or due to other causes. Radiation-induced secondary
malignancies were not incorporated in the model. Although one of
the proposed advantages of particle therapy is that its reduced
integral dose may reduce the development of radiation-induced
secondary cancers, it is difficult to quantify the risk of secondary
cancers, and to date there is no consensus on how this should be
measured.21–23 Also, the relevance of this advantage in the NSCLC
population of patients with relatively old age and poor prognosis
is doubtful.
Probabilities
Transition probabilities were derived for each cycle from a sys-

tematic literature review and meta-analysis5, and are listed in Ta-
ble 1a.

First, for inoperable stage I NSCLC, we included published stud-
ies that reported survival data on CRT, SBRT, proton therapy and
carbon-ion therapy.5 The 2- and 5-year overall and disease-specific
survival as well as the occurrence of adverse events was extracted
from the publications.

Second, for operable stage I NSCLC we extracted data for SBRT
from two studies reporting on 128 operable patients sepa-
rately.24,25 Data on 31 operable patients in the most recent car-
bon-ion studies were derived through personal communication
with the author.26,27 Because of data constraints proton therapy
was excluded as a comparator, and all deaths were assumed to
be due to other causes. The occurrence of adverse events was as-
sumed to be similar to the inoperable group.

Data from the separate studies were pooled using a random ef-
fects meta-regression, using STATA 9 software.5 For inoperable
stage I disease, pooled results were corrected for differences be-
tween study populations regarding the percentage of medically
inoperable patients. The 2-year and 3–5-year survival rates were
converted to yearly probabilities.8
Effects
Health-related quality of life was used as outcome measure in

the model. It was considered as single index utility, on a scale from
0 (representing death) to 1 (representing perfect health).4 The use
of utility scores allows the calculation of Quality Adjusted Life
Years (QALYs) and cost per QALY ratios. Utility scores were derived
from NSCLC patients treated with curative intent in the past five
years, in a cross-sectional survey. Patients were treated with radio-
therapy, surgery, chemotherapy or a combination of these modal-
ities. Eligible patients who were treated in the south (Maastricht
University Medical Centre region) or north (University Medical
Centre Groningen region) of the Netherlands were selected from
the national cancer registry. Respondents completed the Euro-
Qol-5D28 and questions regarding adverse events, based on the
CTCAE.20 The answers on the Euroqol-5D were transformed into
a utility score using a scoring function.29 Mean utility scores and



Table 1a
List of input parameters for the transition probabilities.

Base case analysis Analysis with studies from 2005

Estimated value SE Distribution Source Estimated value SE Distribution Source

Inoperable stage I NSCLC
For conventional radiotherapy with photons (CRT)
Treatment-related death 0.001 0.001 Beta [5] 0.001 0.001 Beta [5]
Acute pneumonitis P grade 3 0.002 0.004 Beta [5] 0.002 0.004 Beta [5]
Acute oesophagitis P grade 3 0.001 0.004 Beta [5] 0.001 0.004 Beta [5]
Irreversible dyspnoea P grade 3 0.005 0.002 Beta [5] 0.005 0.002 Beta [5]
Disease mortality year 1–2 0.179 0.027 Dirichlet [5] 0 Fixed �

Other mortality year 1–2 0.092 0.027 Dirichlet [5] 0.261 0.073 Beta [5]
Disease mortality year 3–5 0.135 0.027 Dirichlet [5] 0 Fixed �

Other mortality year 3–5 0.151 0.027 Dirichlet [5] 0.258 0.056 Beta [5]

For stereotactic body radiotherapy with photons (SBRT)
Treatment-related death 0.007 0.003 Beta [5] 0.007 0.003 Beta [5]
Acute pneumonitis P grade 3 0.020 0.005 Beta [5] 0.021 0.005 Beta [5]
Acute oesophagitis P grade 3 0.002 0.002 Beta [5] 0.003 0.002 Beta [5]
Irreversible dyspnoea P grade 3 0.008 0.003 Beta [5] 0.008 0.003 Beta [5]
Disease mortality year 1–2 0.087 0.023 Dirichlet [5] 0 Fixed �

Other mortality year 1–2 0.076 0.023 Dirichlet [5] 0.165 0.027 Beta [5]
Disease mortality year 3–5 0.105 0.028 Dirichlet [5] 0 Fixed �

Other mortality year 3–5 0.063 0.028 Dirichlet [5] 0.164 0.030 Beta [5]

For proton therapy
Treatment-related death 0.004 0.006 Beta [5] 0.008 0.012 Beta [5]
Acute pneumonitis P grade 3 0.008 0.008 Beta [5] 0.017 0.017 Beta [5]
Acute oesophagitis P grade 3 0.004 0.006 Beta [5] 0.008 0.012 Beta [5]
Irreversible dyspnoea P grade 3 0.008 0.012 Beta [5] 0.008 0.012 Beta [5]
Disease mortality year 1–2 0.139 0.040 Dirichlet [5] 0 Fixed �
Other mortality year 1–2 0.078 0.040 Dirichlet [5] 0.135 0.071 Beta [5]
Disease mortality year 3–5 0.103 0.041 Dirichlet [5] 0 Fixed �

Other mortality year 3–5 0.078 0.041 Dirichlet [5] 0.128 0.067 Beta [5]

For carbon-ion therapy
Treatment-related death 0.002 0.003 Beta [5] 0.004 0.005 Beta [5]
Acute pneumonitis P grade 3 0.014 0.008 Beta [5] 0.004 0.005 Beta [5]
Acute oesophagitis P grade 3 0.002 0.003 Beta [5]* 0.004 0.005 Beta [5]
Irreversible dyspnoea P grade 3 0.002 0.003 Beta [5] 0.004 0.005 Beta [5]
Disease mortality year 1–2 0.097 0.033 Dirichlet [5] 0 Fixed �

Other mortality year 1–2 0.044 0.033 Dirichlet [5] 0.138 0.053 Beta [5]
Disease mortality year 3–5 0.078 0.030 Dirichlet [5] 0 Fixed �

Other mortality year 3–5 0.097 0.030 Dirichlet [5] 0.156 0.044 Beta [5]

Operable stage I NSCLC
For stereotactic body radiotherapy with photons (SBRT)
Treatment-related death 0.007 0.003 Beta [5]
Acute pneumonitis P grade 3 0.020 0.005 Beta [5]
Acute oesophagitis P grade 3 0.002 0.002 Beta [5]
Irreversible dyspnoea P grade 3 0.008 0.003 Beta [5]
Mortality year 1–2 0.068 0.016 Beta [24,25]
Mortality year 3–5 0.094 0.018 Beta [24,25]

For carbon-ion therapy
Treatment-related death 0.002 0.003 Beta [5]
Acute pneumonitis P grade 3 0.014 0.008 Beta [5]
Acute oesophagitis P grade 3 0.002 0.003 Beta [5]
Irreversible dyspnoea P grade 3 0.002 0.003 Beta [5]
Mortality year 1–2 0.067 0.032 Beta PC, [26,27]
Mortality year 3–5 0.114 0.035 Beta PC, [26,27]

SE, standard error; PC, personal communication; EO, expert opinion.
� Due to a lack of data on disease-specific survival we assumed all deaths to be due to other causes.
* Since none of the carbon-ion studies reported P grade 3 oesophagitis, it was assumed that no events occurred.
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standard errors were calculated for respondents with (n = 43) and
without (n = 203) dyspnoea grade 3 or higher (Table 1b). Since no
data were available on utility scores for acute adverse events we
assumed the utility score for late adverse events to also apply
there. Future effects were discounted to their present value by a
rate of 1.5%, according to the Dutch guidelines.30

Costs
A health-care perspective was used. All costs were reported in

Euros and are listed in Table 1c. Price indices were used to convert
costs to the 2007 price level. Where possible, unit costs were based
on the Dutch manual for cost research.31 For radiation therapy
(photons, protons and carbon-ions) a detailed cost analysis was per-
formed.32 In this cost analysis a mature particle facility with use of
its maximum capacity was assumed. Because the optimal number
of fractions is not yet known for particle therapy, we used the num-
ber of fractions that was reported in the published studies. Future
costs were discounted to their present value by a rate of 4%.30

Analysis

Base case analysis
For both patient groups (inoperable stage I, operable stage I) a

model was built. Incremental cost-effectiveness ratios (ICERs) were



Table 1b
List of input parameters for the effects.

Estimated
value

SE Distribution Source

After treatment, no adverse
events

0.81 0.013 Beta CSS

After treatment, irreversible
dyspnoea P grade 3

0.46 0.050 Beta CSS

During treatment, no adverse
events

0.81 0.013 Beta CSS�

During treatment, acute
pneumonitis P grade 3

0.46 0.050 Beta CSS�

During treatment, acute
oesophagitis P grade 3

0.46 0.050 Beta CSS�

SE, standard error; CSS, cross-sectional survey.
� Because no data were available on the utility scores during treatment, we esti-
mated these to be equal to the utility scores after treatment, with or without
adverse events.
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calculated from each model, by dividing the incremental costs by
the incremental QALYs. Whether a treatment is deemed cost-effec-
Table 1c
List of input parameters for the costs.

Es

Probability of hospital admission due to acute pneumonitis P grade 3 0.0
Probability of hospital admission due to acute oesophagitis P grade 3 1
Yearly costs of having irreversible dyspnoea P grade 3 (€) 10

Resource use
Related to CRT
Number of minutes per fraction 10
Number of fractions 35

Related to SBRT
Number of minutes per fraction 35
Number of fractions 4

Related to proton therapy
Number of minutes per fraction 25
Number of fractions 15

Related to carbon-ion therapy
Number of minutes per fraction 35
Number of fractions 4

Related to adverse events
Days of hospital admission with acute pneumonitis P grade 3 11
Days of hospital admission with acute oesophagitis P grade 3 2
Days of tube feeding with oesophagitis 21
Months of medication for pneumonitis 1.5
Months of medication for oesophagitis 1

Related to follow-up after treatment
Number of follow-up visits in first year 4
Number of follow-up visits in second year 2
Number of follow-up visits after second year 1

Unit costs (€)
Fraction of photons (10 min) 23
Fraction of protons (10 min) 41
Fraction of carbon-ions (10 min) 62
Hospital admission per day 35
Medication costs for pneumonitis per month (70 kg) 19
Medication costs for oesophagitis per month 30
Placing/removing tube when hospitalized for acute oesophagitis 10
Tube nutrition per day 18
Follow-up visit 59
Death due to cancer 21
Death due to other causes 15

SE, standard error; EO, expert opinion; MP, market price.
� Hoogendoorn EJI, Feenstra TL, Rutten-van Molken MPMH. Resource use and costs of c
Institute for Public Health and the Environment; 2004.
� Dutch Association of Comprehensive Cancer Centres (ACCC). Dutch guideline for non-s
2004.
# Health Care Insurance Board. Pharmacotherapeutic compass. Diemen: Health Care Insu
§ Kommer GJ, Slobbe LCJ, Polder JJ. Risk solidarity and health-care costs. Bilthoven: Natio
* Minimum and maximum value is listed instead of standard error for beta PERT distrib
tive depends on how much society is willing to pay for a gain in ef-
fect, which is referred to as the ceiling ratio. In the Netherlands an
informal ceiling ratio of €80.000 per QALY exists for diseases with a
high burden of disease.33

The current analysis was performed from a decision-analytic
perspective, which implies that for a treatment to be adopted it
should have the highest net monetary benefit (NMB), instead of
being statistically significantly more cost-effective than its com-
parator.9 The NMB assigns a monetary value to the benefit
achieved, and subtracts from this the cost of achieving this benefit.

Uncertainty surrounding the ICERs was handled probabilisti-
cally. This means that we assigned distributions to the model
parameters, to reflect the uncertainty in the estimation of that
parameter.8 Parameter values were drawn at random from the as-
signed distributions, using Monte Carlo simulation with 10.000
iterations. To illustrate the results of the simulation, cost-effective-
ness acceptability curves (CEACs) were calculated.34 CEACs show
the probability that a treatment has the highest NMB, and thus is
cost-effective, given different ceiling ratios. They simultaneously
show the probability that the ‘wrong’ decision will be made by
timated value SE Distribution Source

25 0.003 Beta EO
Fixed EO

45 100 Gamma �

8–18* Beta PERT EO
20–44* Beta PERT [5]

30–40* Beta PERT EO
1–14* Beta PERT [5]

20–30* Beta PERT EO
10–20* Beta PERT [5]

30–40* Beta PERT EO
1–18* Beta PERT [5]

2 Gamma �

0.3 Gamma EO
2 Gamma EO
Fixed EO
Fixed EO

Fixed �

Fixed �

Fixed �

3 194–291* Beta PERT [32]
3 344–516* Beta PERT [32]
7 522–783* Beta PERT [32]
6 Fixed [31]

Fixed #

Fixed #

0 Fixed [31]
Fixed MP
Fixed [31]

675 2000 Gamma §

449 2000 Gamma §

are for treating asthma and COPD in the Netherlands (in Dutch). Bilthoven: National

mall cell lung cancer. Available at: http://www.oncoline.nl/index.php?language=en.

rance Board; 2007.
nal Institute for Public Health and the Environment; 2005.
utions.

http://www.oncoline.nl/index.php?language=en


Table 2
Results of the cost-effectiveness analyses.

Expected costs in € (95% CI*) Expected QALYs (95% CI*) ICER (€ per QALY)

Inoperable stage I NSCLC
Carbon-ions 19.215 (14.273–27.415) 2.67 (2.28–3.04)

} 67.257
SBRT 13.871 (11.124–17.413) 2.59 (2.31–2.88)
Protons 27.567 (22.713–32.638) 2.33 (1.96–2.74) Dominated by carbon-ions and SBRT
CRT 22.696 (19.566–26.274) 1.98 (1.78–2.20) Dominated by carbon-ions and SBRT

Operable stage I NSCLC**

SBRT 8.485 (6.497–11.613) 3.20 (3.03–3.36)
Carbon-ions 14.620 (10.231–22.694) 3.16 (2.86–3.42) Dominated by SBRT

Sensitivity analysis: inoperable stage I NSCLC using studies from 2005
Protons 22.815 (18.124–28.219) 2.79 (2.25–3.26)

} 81.479
Carbon-ions 16.875 (12.293–25.314) 2.72 (2.33–3.07)

} 36.017
SBRT 11.878 (9.308–15.603) 2.58 (2.37–2.78)
CRT 19.561 (15.961–23.785) 2.05 (1.66–2.44) Dominated by carbon-ions and SBRT

Abbreviations: QALY, quality-adjusted life year; ICER, incremental cost-effectiveness ratio; SBRT, stereotactic body radiotherapy with photons; CRT, conventional radio-
therapy with photons.
* CI, confidence interval. Confidence intervals are based on probabilistic sensitivity analysis.
** Surgery not included as a comparator because SBRT dominated carbon-ion therapy.
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implementing the treatment that, based on the currently available
evidence, appears to be the most cost-effective.

Sensitivity analysis
In addition to the probabilistic sensitivity analysis, a separate

sensitivity analysis was performed. In this sensitivity analysis we
calculated the probabilities for inoperable stage I NSCLC using only
studies that were published after 2004. We did this because all but
one SBRT studies were published after 2004, while especially CRT
studies were overall older. This may influence the results, because
oncology care and disease staging for NSCLC have improved in the
last decade.35 Because the newer studies on CRT did not report on
adverse events we based these probabilities on all studies. Also,
due to limited data on disease-specific survival we used only over-
all survival rates.

Value of information analysis
As uncertainty exists, there is always a chance that the ‘wrong’

decision will be made.8 The expected value of perfect information
(EVPI) is a measure of the worth of acquiring additional informa-
tion, through further research.36 The EVPI is the expected value
of obtaining perfect knowledge of the ‘true’ values of all parame-
ters. We calculated the EVPI by subtracting the NMB of the treat-
ment we would choose under uncertainty, from the NMB of the
decision we would make if we knew the ‘true’ parameter values.
The population EVPI is calculated by multiplying the EVPI per pa-
tient by the number of patients that could potentially benefit from
additional research.36 Population EVPI values were calculated for
the Netherlands, using an estimated annual incidence of 337 (inci-
dence rate for the year 2007)37, assuming a 10-year lifespan of the
technology and a discount rate of 4%.30 Finally, we calculated the
EVPI for parameter groups, for a ceiling ratio of €80.000, to exam-
ine on which topics further research is most valuable.
Results

Base case analysis

For inoperable stage I NSCLC carbon-ion therapy yielded the
most QALYs per patient (2.67), for a total expected health-care cost
of €19.215 per patient over 5 years (Table 2). SBRT yielded less
QALYs (2.59), but was also less expensive (€13.781). This resulted
in an ICER of €67.257 per QALY gained for carbon-ions compared
to SBRT. Proton therapy (2.33 QALYs) and CRT (1.98 QALYs) were
both less effective and more expensive, and thus dominated by
both carbon-ion therapy and SBRT. For a ceiling ratio of €80.000
carbon-ion therapy had the highest probability of being cost-effec-
tive (52%), followed by SBRT (47%), proton therapy (2%) and CRT
(0%). The CEACs are presented in Fig. 2a.

For operable stage I NSCLC SBRT yielded 3.20 QALYs, while car-
bon-ion therapy yielded 3.16 QALYs (Table 2). The expected total
health-care costs per patient were €8.485 and €14.620, respec-
tively. SBRT was thus on average more effective and less expensive
than carbon-ion therapy. For a ceiling ratio of €80.000 SBRT had a
78% probability of being cost-effective, versus 22% for carbon-ion
therapy (Fig. 2b). Because carbon-ion therapy was not cost-effec-
tive compared to SBRT, surgery was not included as a comparator.
Sensitivity analysis

In a sensitivity analysis we pooled only studies on effectiveness
that were published after 2004. Proton therapy was found to be the
most effective (2.79 QALYs) and most expensive (€22.815). Carbon-
ion therapy was less effective (2.72 QALYs) and less expensive
(€16.875) than protons, resulting in an ICER of €81.479 per QALY
gained (Table 2). Given a ceiling ratio of €80.000 per QALY, protons
are not cost-effective compared to carbon-ions. Carbon-ion ther-
apy was more effective and more expensive than SBRT, resulting
in an acceptable ICER of €36.017 per QALY gained. CRT was domi-
nated by carbon-ion therapy. For a ceiling ratio of €80.000 proton
therapy had a 46% probability of being cost-effective (Fig. 2c), fol-
lowed by carbon-ion therapy (38%), SBRT (16%) and CRT (0%).
Value of information

For the base case analysis of inoperable stage I NSCLC, the
uncertainty surrounding the decision whether to adopt particle
therapy resulted in an EVPI of €7.784 per patient, given a ceiling ra-
tio of €80.000. Adopting particle therapy will affect all patients
with inoperable stage I NSCLC in the Netherlands, being a total of
2.843 patients in the next 10 years. This makes the population EVPI
€22 million, meaning that the upper bound of the value of addi-
tional research for the Netherlands is €22 million. The population
EVPI for different ceiling ratios is presented in Fig. 3.



Fig. 2. Cost-effectiveness acceptability curves* for (a) inoperable stage I NSCLC, (b) operable stage I NSCLC, and (c) inoperable stage I NSCLC using studies from 2005 to
estimate effectiveness. *Cost-effectiveness acceptability curves are based on the Monte Carlo simulation. The curves show the probability that a treatment modality has the
highest net monetary benefit, and thus is deemed cost-effective, given different amounts of how much society is willing to pay for a unit of effect (ceiling ratio).
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The parameter group most valuable for further research was the
effectiveness of carbon-ion therapy (Fig. 4). Other valuable topics
for further research were the effectiveness of SBRT and the treat-
ment costs. Regarding treatment costs, it was most valuable to ac-
quire more evidence on the number of fractions per treatment.

Discussion

To the best of our knowledge, this is the first study to examine
the cost-effectiveness of particle therapy in lung cancer. We
reviewed and synthesized all available evidence to inform deci-
sion-making on this topic. We were not able to calculate the
cost-effectiveness of particle therapy for lung cancer as a whole,
due to a lack of evidence and variation in comparative treatment
options between different stages of lung cancer. Consequently,
we focused on exploring the cost-effectiveness of particle therapy
for stage I NSCLC, as this subgroup of patients had been the focus
of almost all particle research in lung cancer to date. Although con-
siderable uncertainty exists, the results presented in this paper are
valuable for decision-making in terms of policy and future research.

For inoperable stage I NSCLC carbon-ion therapy was found to
cost €67.257 per QALY gained compared to SBRT. Both treatments
dominated proton therapy and CRT. Assuming a ceiling ratio of
€80.000, carbon-ion therapy may be cost-effective in inoperable
stage I NSCLC. However, the probability of carbon-ion therapy
being cost-effective was only 52%. This indicates that, when car-
bon-ion therapy is implemented because of its acceptable cost-
effectiveness in this patient group, there is a 48% probability that
this would be a wrong decision. Moreover, when using only recent
studies to estimate the effectiveness, proton therapy had the
highest probability of being cost-effective (46%). These results
emphasize the uncertainty surrounding the cost-effectiveness of
particle therapy in inoperable stage I NSCLC, and the influence of
which studies are included in the analyses. The uncertainty is also
reflected in the high value of perfect information. This value should
be considered an upper bound, because some uncertainty will al-
ways exist. The population EVPI can however be considered a con-
servative estimate, because future research may not only be
valuable for Dutch NSCLC patients, but also for patients from other
countries. Despite the uncertainty we can conclude with certainty
that conventional radiotherapy with photons is not cost-effective
in inoperable stage I NSCLC. For operable stage I NSCLC SBRT was
found to dominate carbon-ion therapy.

Because we have synthesized evidence from various sources
and various settings, we believe that the results of the present
study are to a large extent generalizable to other settings and
countries. However, because of the use of Dutch unit costs we con-
servatively decided to calculate the population EVPI only for the
Dutch population. The assumption that the current decision prob-
lem is relevant for all stage I inoperable NSCLC patients worldwide
would result in a population EVPI of €2.836 million.2 Given the de-
tailed presentation of the model and its input parameters, those
interested can assess the transferability of the results to their spe-
cific situation.38

The main limitation of the present study is the fact that only
limited data, derived from published single-arm studies, are avail-
able on the effectiveness of particle therapy. Because of a lack of
data we were not able to distinguish patients with a recurrence,
both in costs and health state utility, and for the estimates of a
number of cost parameters we had to rely on expert opinion. These



Fig. 3. Population expected value of perfect information curve for inoperable stage I NSCLC.

Fig. 4. Expected value of perfect information for parameter groups for inoperable stage I NSCLC.
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shortcomings are not specific for particle therapy. An acknowl-
edged challenge of early assessment of new technologies is to deal
with lack of evidence.39 Moreover, modeling always involves sim-
plification, and a model should not be faulted because available
data do not meet the ideal standards of scientific evidence.7 That
is, decisions are being made worldwide at the moment, so it is bet-
ter to inform these decisions with the available evidence under
conditions of uncertainty, than without any evidence at all.
Although the present study shows the potential cost-effectiveness
of particle therapy in NSCLC, it emphasizes the uncertainty sur-
rounding this cost-effectiveness and the high probility of making
a wrong decision, whatever decision is made. It is important that,
when new evidence becomes available, reassessment of the cost-
effectiveness of particle therapy in lung cancer should be carried
out.

Another challenge of this early assessment is that particle ther-
apy is an evolving technology. It is possible that the effectiveness
will improve, that the number of fractions will change and that
the costs will either raise or reduce. We have anticipated on these
changes in the probabilistic sensitivity analysis, by assigning
accurate distributions to the parameters in the model. However,
this again emphasizes the need to reassess the cost-effectiveness
when new evidence becomes available.

Further research is needed to reduce the existing uncertainty.
The present analysis showed that for inoperable stage I NSCLC fur-
ther research was most valuable for the effectiveness of carbon-ion
therapy and SBRT. However, the improved results for proton ther-
apy when only recent studies were used indicate that proton ther-
apy is still improving and further research may also be valuable for
proton therapy. As SBRT is especially suitable for small tumors, it
may be interesting to examine particle therapy in larger stage I/II
tumors. Not enough evidence is currently available to quantify
the effectiveness for these subgroups. Despite the limited evidence,
the results of the present study suggest that it is unlikely that par-
ticle therapy will be cost-effective compared to SBRT in operable
stage I NSCLC. Although beyond the scope of this paper, it would
be interesting to examine the cost-effectiveness of SBRT compared
to surgery in these patients. Randomized trials on this comparison
are currently ongoing. Although beyond the scope of the present
paper, value of information analysis is also useful in designing
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future trials. It can assist in choosing relevant outcome parameters
as was demonstrated in the current study, but also for example in
calculating the optimal sample size.40

Due to a lack of data no analysis could be performed for more
advanced stage NSCLC. Preliminary data on concurrent chemother-
apy with protons, showing reduced adverse events despite a higher
radiation dose to the tumor, are promising.41–43 It would be inter-
esting to examine the cost-effectiveness in this patient group when
more mature data become available.

The current paper demonstrates the use and usefulness of
decision-analytic modeling in areas where both effectiveness
and costs are uncertain. By presenting the results under uncer-
tainty, the current paper informs policy and research decisions.
Value of information analysis is a relatively new and gradually
increasing technique in health care, and to date a limited number
of studies have applied the technique in the field of oncology.44–47

Given the present results, adoption of particle therapy as standard
treatment in NSCLC is not recommended at this stage. Besides the
relatively high probability of particle therapy not being cost-
effective, an important reason for this is the high investment risk
associated with particle therapy. However, postponing the deci-
sion to adopt a potentially cost-effective treatment induces costs
in terms of health benefits forgone. Because of the high value of
information, it is recommended to acquire more evidence on
the effectiveness of particle therapy in NSCLC. However, collecting
clinical evidence requires particle facilities. Therefore, it might be
worthwhile to invest in a particle facility, which should initially
be used for clinical research only. Building on the analyses in
the present study, a next step would be to make a trade-off be-
tween the investment risk, value of information and option value
of delay.48
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