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High-grade gliomas are brain tumors associated with a devastat-
ing prognosis. Recent studies have indicated that the combined
use of amino acid PET and MRI is superior to MRI alone to plan
the surgical resection of high-grade gliomas. The aim of the study
was to analyze the cost-effectiveness of the use of amino acid
PET for the surgical resection of high-grade gliomas, compared
with MRI alone, from the perspective of the national health
insurance in Germany. Methods: A decision-tree model was set
up to compare 2 strategies: the use of MRI alone and the com-
bined use of MRI and PET for surgical resection of high-grade
gliomas. For the analysis, 2 scenarios were calculated: a baseline
scenario and a more expensive scenario, accounting for disease
severity. To test the robustness of the results, probabilistic sen-
sitivity analyses using Monte Carlo simulation were calculated.
Results: Compared with MRI alone, the combined use of MRI and
PET showed an incremental cost-effectiveness ratio of €2,948
(€1 ~ U.S.$1.3)per life-year gained for the baseline scenario and
an incremental cost-effectiveness ratio of €4,105 per life-year
gained for the admissible-charge-rate scenario. In the probabi-
listic sensitivity analysis in about 60% of the iterations, the com-
bined use of PET and MRI was superior to MRI alone when
assuming a willingness-to-pay threshold of €30,000. Conclusion:
The model indicates that the combined use of MRI and PET may
be cost-effective. The results of this analysis have to be consid-
ered carefully because there was only limited empiric evidence for
several input parameters.
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High-grade gliomas are primary brain cancers that are
difficult to treat because of their aggressive biology. They
often result in massive neurologic damage, with a significant
reduction in health-related quality of life (1,2) and reduced
life expectancy (3–5).

The surgical resection of the tumor, which is the initial
treatment option (6), aims to remove as much cancer tissue as
possible while preserving as much unaffected tissue as pos-
sible. To distinguish tumor and unaffected brain tissue, valid
and reliable diagnostic methods are needed. MRI is consid-
ered the gold standard in diagnostic imaging of high-grade
gliomas (7). However, MRI is limited in its ability to distin-
guish tumor tissue from edematous, necrotic, or fibrotic tis-
sue, leading to discrepancies between the real tumor size and
signal abnormalities in MRI (8). In a mixed group of patients
including both high- and low-grade gliomas, MRI yielded
a sensitivity (i.e., proportion of individuals who had the dis-
ease who tested positive) of over 90% for the detection of
tumor tissue, but specificity (i.e., proportion of individuals
without the disease who tested negative) was only 53% (9).

For more than 20 y the amino acid tracer 11C-methionine
has been used in the management of gliomas (10). In several
studies, the tracer was investigated with regard to various
indications such as diagnosis, grading, planning of biopsies,
planning of surgery, postoperative revaluation, and planning
of radiation (11,12). More recently, the amino acid tracer 18F-
fluoroethyltyrosine was introduced for similar indications (8).

Moreover, studies have indicated that PET using radio-
labeled amino acids is superior to CT and MRI in estimating
the size and extension of the tumor in high-grade gliomas (8).
It has been demonstrated that, compared with MRI alone, the
combined use of MRI and amino acid PET distinguishes
more accurately between tumor tissue and peritumoral un-
affected brain tissue (9).

Accordingly, the current guidelines of the Neuroimaging
Committee of the European Association of Nuclear Medicine
and the German Society for Nuclear Medicine recommend
the use of amino acid PET for therapy planning of the surgical
resection of gliomas (13,14).

To date, the reimbursement of PET in the management of
primary brain tumors varies among different countries. In
most countries, the reimbursement is restricted to the use of
18F-FDG (15,16). In Germany, the use of PET is refunded for
neither 18F-FDG nor amino acid tracers ((17); www.g-ba.de).
Reimbursements for in-patient use of PET are included in the
lump compensation (German Diagnosis Related Groups,
www.g-drg.de).
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In 2006, the German Federal Joint Committee assigned the
Institute for Quality and Efficiency in Healthcare (IQWiG) to
evaluate the diagnostic validity of PET for the assessment of
recurrent high-grade gliomas after initial treatment (www.
iqwig.de [D06-01D]). According to the institute’s evaluation,
there was only insufficient evidence for PET to improve the
diagnosis or prognosis of recurrent gliomas. In contrast to the
IQWiG report, this paper analyzes the use of PETat the initial
diagnosis of gliomas. In a recent study, Pirotte et al. (18) have
shown that the use of 11C-methionine PET–guided surgery
may increase the mean survival of patients with supratentorial
high-grade gliomas (World Health Organization grades III
and IV). These results indicate for the first time, to our knowl-
edge, that the use of PET-guided surgery may increase sur-
vival of the patients.
To date, there is no economic analysis evaluating the use of

PET in the management of gliomas. The aim of this analysis
was to estimate the cost-effectiveness of amino acid PET,
compared with MRI alone, in gliomas for guiding the initial
surgical resection of the tumor.

MATERIALS AND METHODS

To account for the cost-effectiveness of amino acid PET and
MRI, compared with MRI alone, a decision tree using TreeAge
Pro 2009 (TreeAge, Inc.) was constructed (Fig. 1; Table 2). The
analysis was performed from the perspective of the statutory
health insurance in Germany.

Decision-Tree Model
To evaluate the cost-effectiveness of 11C-methionine PET in

guiding the resection of high-grade gliomas, the combined use

of MRI and PET was compared with MRI alone (no PET). The
outcome was defined as the mean survival of the patients in years.

The decision-tree model begins at the point where the diagnosis
of a high-grade glioma is considered as highly likely, resulting in
the decision for surgical resection.

In this model, we use operability as a theoretic construct. It is
defined according to tumor volume and extension in the PET scan.
However, it does not imply that a PET scan has to be performed.
Hence, the no-PET strategy has the same probability of complete or
incomplete operability even if no PET scan is obtained. In our model,
this concept is used to illustrate the group of patients that would not
benefit from a PET scan because a complete resection of the tumor is
impossible.

The probabilities for the first-chance node (complete operabil-
ity and incomplete operability) depend on the tumor volume
defined by the PET scan. Although complete operability implies
the ability to remove the whole-tumor volume, incomplete
operability does not allow complete resection because of different
reasons (e.g., a total resection may endanger vitally important
parts of the brain).

The second-chance node describes the impact of the PET scan
on the surgical performance. The surgery may result in a complete
resection of PET-positive tumor (i.e., no residual tumor on
postoperative PET scan) or in an incomplete resection of the
tumor.

The upper branches show the options to perform PET to guide
the surgical resection of the cancer. Given a complete operability,
we assumed that the use of PET would lead to a negative
postoperative PET scan result. Therefore, we attributed a proba-
bility of 1 to complete resection of PET-positive tumor.

Time of survival in the case of complete or incomplete
resection was based on published data (18). Pirotte et al. found
that a patient with a complete resection had a mean survival of

FIGURE 1. Decision-tree-model effectiveness of 11C-methionine PET in therapy planning of surgery for patients with high-grade gliomas.

Model includes 2 alternative strategies of use of MRI alone (no PET) to guide resection of high-grade gliomas and of combined use of MRI

and PET (PET). Mean survival of patients (years) is defined as outcome. Decision-tree model begins at point at which decision for surgical
resection is made and MRI scan of brain has already been acquired. O 5 Chance node;◄ 5 termination node.
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32.5 mo, whereas a patient with an incomplete resection had a sig-
nificantly shorter mean survival of 17.6 mo (P , 0.001). These
values were applied as possible outcomes.

For the no-PET strategy, the completeness of the resection depended
on MRI alone. To analyze the results of the no-PET strategy, Pirotte
et al. (18) retrospectively compared biopsies of tumor volumes defined
by MRI with those defined by PET. These probabilities were applied in
our model. The tumor volume on the MRI scan might be defined as
equal to or larger than that on the PET scan, resulting in a complete
resection (i.e., no residual tumor on the postoperative PET scan).
Therefore, in these cases we applied the same outcome as for complete
resection in the PET strategy. A PET scan would not have been of
additional benefit for the patient.

Alternatively, the MRI scan might define the tumor volume
smaller than would the PET scan, resulting in an incomplete tumor
resection. In these cases, the proportion of incomplete resection in
the no-PET branch was calculated as the number of the PET-
positive areas outside the MRI-positive volume (18).

We attributed the same outcome as for residual cancer in the
postoperative PET scan. In these cases, the patient would benefit from
the PET scan because it would lead to a complete tumor resection.

Incomplete operability results in an incomplete resection of the
tumor irrespective of the applied strategy. Therefore, for both
strategies at the second-chance node after alternative incomplete
operability, we attributed a probability of 1 for incomplete resection.

The cost-effectiveness of 11C-methionine PET was then calcu-
lated using the incremental cost-effectiveness ratio (ICER) (19):

ICER 5
ð½costs MRI1 PET� 2 ½costs MRI�Þ

ð½life years gained MRI1 PET� 2 ½life years gained MRI�Þ

Calculation of Costs
Because the costs of amino acid PET are currently not covered

by the German statutory health insurance, they were obtained from
the scale for medical procedures not accounted for by the German
national health insurance system (http://www.e-bis.de/goae/
defaultFrame.htm). Although the baseline charge rate (einfacher
Gebührensatz) is calculated by multiplying this score by €0.058
(€1 ~ U.S.$1.3), for an additional scenario a severity-based mul-
tiplying factor was used. This factor is referred to as admissible-
charge rate (zulässiger Gebührensatz) and enables the calculation
of costs according to various factors such as the difficulty of the
procedure or the qualification of the executing person (Table 1).

In addition to the costs of amino acid PET, the costs of the tracer,
including the value-added tax (VAT) of 19%, have to be considered.
Many university hospitals applying amino acid PET have the

capacity (i.e., cyclotron) to produce the tracers themselves. Because
of the short physical half-life of the radiotracer, 11C-methionine is
not commercially available. In contrast, 18F-fluoroethyltyrosine is an
18F-labeled amino acid that can be produced in large amounts and is
transportable over long distances. In Germany, 18F-fluoroethyltyrosine
is available via commercial enterprises. To represent the range
of costs, we calculated the mean of the price for the tracer of 2
different enterprises and 1 in-house production (€616).

Additional costs due to side effects were not included because
significant negative side effects caused by PET are highly unlikely
(9,20). Indirect costs are not considered because they are not
relevant from the perspective of health insurance.

Sensitivity Analyses
To test for the robustness of the results, we calculated deterministic

and probabilistic sensitivity analyses. Because of a lack of data, intervals
for the sensitivity analysis were based on expert opinion (Table 2).

Moreover, we performed probabilistic sensitivity analyses using
Monte Carlo simulation (21). We chose g-distributions for costs (22),
exponential distributions for survival time, and triangular distribu-
tions for probabilities (23,24). On the basis of the initial definition
of the intervals by the expert, we fitted the respective distributions for
all variables (Table 2). Afterward, the expert was questioned again to
ensure the plausibility of the distributions. On the basis of these
distributions, we performed a second-order Monte Carlo simulation
with 10,000 samples.

RESULTS

Compared with MRI alone, the combined use of PET and
MRI resulted in an ICER of €1,185/2.334 – 1.932 y5 €2,948
per life-year gained for the baseline scenario and an ICER of
€1,650/2.334 – 1.932 y 5 €4,105 per life-year gained for the
admissible-charge-rate scenario (Table 3).

1-Way Sensitivity Analyses

The 1-way sensitivity analyses revealed that only the
survival time would alter the decision between the 2
alternative strategies. For all other parameters, the combined
use of PET and MRI is preferred for all values within the
defined ranges (Supplemental Table 1; supplemental materi-
als are available online only at http://jnm.snmjournals.org).

Probabilistic Sensitivity Analyses

The statistics of the Monte Carlo simulations are
presented in Table 3. The respective incremental cost-effec-
tiveness scatterplots are demonstrated in Figure 2 for the

TABLE 1
Costs

Description Admissible-charge rate Baseline

Detailed consultation (3) €20.10 €8.74
Report on diagnostic findings (75) €17.43 €7.58

Intravenous injection (253) €9.38 €4.08

Whole-body tumor scintigraphy (5,431) €236.07 €131.15

PET with quantitative analysis (5,489) €786.89 €417.15
Radioactive tracer plus 19% value-added tax €616 €616

Sum (rounded) €1,686 €1,185

Numbers in parentheses refer to ciphers of German cost scale for medical procedures.
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baseline scenario and in Figure 3 for the admissible-charge-
rate scenario.
In the baseline scenario, in 61% of the samples PET was

superior to no PET, given a willingness to pay of €30,000/y.
In 35% of the iterations, PET was inferior independently of
a threshold, and in 4% PET was inferior with regard to the
actual willingness to pay.
In the admissible-charge-rate scenario, in 60% of the

samples PET was superior to no PET (given the willing-
ness-to-pay threshold), in 35% PET was inferior (indepen-
dently of a threshold), and in 5% the alternative PET was
inferior with regard to the actual willingness to pay.

DISCUSSION

On basis of the results of this decision-tree analysis, the
combined use of MRI and PET appears to be superior to the
use of MRI alone in the surgical therapy planning of
supratentorial high-grade gliomas. Compared with MRI
alone, the ICER of PET and MRI was less than €5,000 per
life-year gained, even if the admissible-charge-rate scenario
was assumed, indicating that PET in addition to MRI may
be a cost-effective option.

This is the first, to our knowledge, cost-effectiveness
study of amino acid PET–guided surgery for high-grade
gliomas. Our analysis has 2 major strengths: first, because
various factors may affect the costs, particularly the costs
for the tracer substances, 2 scenarios (baseline and admis-
sible-charge rate) were calculated. Second, the costs of PET
used for this analysis were based on a reimbursement scale
for medical procedures resulting in robust assumptions for
the application of this add-on technology. Additional costs
due to technologic difficulties or training of care givers are
included in the admissible-charge-rate scenario. For calcu-
lating the costs of the tracer, 2 options (in-house production
of the tracer and acquiring it by purchase) were considered,
resulting in a realistic representation of the economic con-
sequences of PET.

The calculations of costs of PET are well in line with
those of other studies. For example, in studies from the
United States, costs ranged from $1,200 to $2,200 (corre-
sponding currently to about €880 to €1,600 (25,26)), and
a study from France applied costs of €1,034 (27). Although
in these studies costs are related to PET with 18F-FDG (the
most commonly used PET tracer) and no study has evalu-

TABLE 2
Parameters Used for Decision-Tree Analysis

Parameter

Value applied in

decision-tree
model

Plausible
range Distribution

Probability of complete operability 0.697 0.4–0.8 Triangular (minimum, 0.4; likeliest, 0.65; maximum, 0.8)

Probability of complete resection without

PET

0.68 0.26–0.8 Triangular (minimum, 0.26; likeliest, 0.6; maximum, 0.8)

Costs (baseline [€]) 1,185 829–1,541 g (mean, 1,185; SD, 181.63)

Costs (admissible-charge rate [€]) 1,686 1,180–2,192 g (mean, 1,686; SD, 258.16)

Survival with PET (y) 2.71 1.5–3.0 exp (l, 0.369)
Survival without PET (y) 1.47 0.5–1.8 exp (l, 0.68)

Parameters are used to calculate baseline scenario, including ranges and distributions for sensitivity analyses (variables refer to Fig. 1
and parameters in first column of table).

TABLE 3
Statistics Resulting from Monte Carlo Simulations

Baseline scenario Admissible-charge-rate scenario

Statistic
Costs
(PET)

Life-years
gained, PET

Life-years
gained, no PET

Costs
(PET)

Life-years
gained, PET

Life-years
gained, no PET

Mean 1,686 2.27 1.938 1,186 2.237 1.915

SD 257 1.853 1.417 180 1.787 1.384

Minimum 934 0.006 0.007 641 0.015 0.012
2.50% 1,221 0.236 0.227 862 0.233 0.229

10% 1,364 0.522 0.498 962 0.518 0.499

Median 1,672 1.766 1.603 1,177 1.756 1.582
90% 2,026 4.652 3.831 1,428 4.550 3.793

97.50% 2,220 7.114 5.586 1,562 6.971 5.484

Maximum 2,785 20.002 12.005 2,019 16.021 10.933

10,000 samples were calculated for both scenarios. Costs are in Euros.
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ated the calculation of costs of amino acid PET so far, we
would not expect remarkable differences.
The decision-tree model is based on the assumption that

a complete resection of the tumor leads to a more favorable
prognosis for the patients. This assumption is in accordance
with several studies (28–31) and with international guide-
lines that recommend the maximal safe resection for newly
diagnosed supratentorial malignant glioma in adults (level
II recommendation indicating a moderate degree of clinical
certainty (32)).
Recently, 5-aminolevulinic acid (5-ALA), a metabolic

marker of glioma cells, is increasingly used to identify tumor
tissue intraoperatively. Compared with conventional surgery,
the completeness of surgical resection can be improved using
5-ALA, resulting in an improved progression-free survival
(30). A recent study, however, has shown that 5-ALA fluo-
rescence, compared with amino acid PET, has a limited sen-
sitivity to detect tumor tissue, especially in low-grade gliomas
(33). Future studies may directly compare the results of re-
section guided either by 5-ALA or by amino acid PET.
For this analysis, several limitations have to be considered.

First, only limited clinical evidence is available to build the
model because the data could be derived only from a non-
randomized controlled study. The study of Pirotte et al. (18),
from which clinical data were taken, did not have a control
group based on the results of MRI alone. To evaluate the
diagnostic methods, the results of MRI alone and MRI com-
bined with PET were analyzed separately after the surgical
resection. Moreover, in this study the physicians were not

masked. Thus, an expectation bias (i.e., the tendency of the
physicians to evaluate data according to their expectations
(34)) might have influenced the results.

It may be argued that an evaluation of the cost-effectiveness
of PET-guided resection of high-grade gliomas presupposes
efficacy data based on randomized controlled trials. However,
this would require withholding the PET scan from patients,
resulting in a decreased mean survival. Even if the underlying
evidence can only be considered preliminary, some authors
judge the withholding of PET as inappropriate from an ethical
point of view (35,36).

Although Pirotte et al. (18) addressed for the first time the
influence of PET-guided resection of brain tumors on sur-
vival of the patients, the superiority of amino acid PET,
compared with MRI, in the definition of the tumor extent
has been repeatedly demonstrated (8,9,12,37,38). In addition,
a recent study on the use of amino acid PET after radio-
chemotherapy indirectly confirmed the results of Pirotte et
al. (18). They demonstrated that patients with an early de-
crease in posttherapeutic PET uptake had both an increased
median disease-free survival (10.3 vs. 5.8 mo; P, 0.01) and
an increased overall survival (not reached vs. 9.3 mo; P ,
0.001), compared with patients with higher uptakes in post-
therapeutic PET (39). Similar results have been found in
studies with amino acid SPECT tracers, which are compara-
ble to the amino acid PET tracers (40). Although none of
these results was based on randomized controlled trials, this
is the best available evidence.

FIGURE 2. Distribution of results from Monte Carlo simulation

(blue dots) with regard to incremental cost-effectiveness of PET

vs. no PET for baseline scenario. Within circle are 95% of values.
Dotted horizontal line marks incremental costs of €0. Dotted vertical

line depicts incremental effectiveness of 0. Dashed line (almost

overlying dotted line) represents willingness to pay, which was set

to €30,000 per year.

FIGURE 3. Distribution of results from Monte Carlo simulation
(blue dots) with regard to incremental cost-effectiveness of PET

vs. no PET for admissible-charge-rate scenario. Within circle are

95% of values. Dotted horizontal line marks incremental costs of

€0. Dotted vertical line depicts incremental effectiveness of 0.
Dashed line (almost overlying dotted line) represents willingness

to pay, which was set to €30,000 per year.

556 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 53 • No. 4 • April 2012



Second, the model does not consider adverse events due to
false-positive PET scan results. A false-positive PET scan
finding would result in an unnecessary excision of healthy
tissue. This issue was not addressed by the model because
there were no empiric data.
Third, because of a lack of data the model does not allow

the consideration of a potential reduction of the removed
tumor volume as a result of PET. Because the delineation
with MRI alone may overestimate the tumor volume, the
additional information from the PET scan may lead to
a decrease of removed tissue, possibly resulting in reduced
morbidity and improved quality of life for patients.
Fourth, PET is considered the gold standard to verify the

completeness of surgical resection, leading to a sensitivity
and specificity of 1 for the PET scan, which might be an
overestimation. However, studies have demonstrated a high
sensitivity and specificity of 90% for 11C-methionine PET
to detect tumor tissue and a better ability to detect tumor
tissue than other diagnostic means such as CT or MRI (12).
Additionally, in a recent study on gliomas in children, post-
operative 11C-methionine PET presented as neither false-
positive nor false-negative and was significantly better than
MRI (P , 0.05) (41).
Moreover, evidence of diagnostic validity is difficult to

establish because it would imply the availability of histologic
specimens or surgical samples of brain areas that are negative
in the PET scan. For ethical reasons it is difficult to justify
biopsies or resection of brain tissue that is probably healthy.
Furthermore, in the decision-tree model we assumed a like-

lihood of 1 for the completeness of the resection using PET.
Obviously, this is an unrealistic scenario because intraoperative
problems, particularly for technical reasons, might occur.
However, we did not consider these problems because of
a lack of data on the likelihood for the completeness of
resection using PET and because intraoperative problems were
not considered for both alternatives (i.e., MRI vs. MRI and
PET). Therefore, the calculation of the ICER was not affected.
Finally, our decision-tree model neglects possible patient-

related benefits in terms of morbidity. For example, if the
PET scan indicates inoperability of the tumor the patient will
also benefit because possible surgery-related morbidity is
avoided. Studies reported serious postoperative morbidity
varying between 8% and 20% (42,43). Thus, if aspects of
morbidity had been additionally considered, PETwould have
been even more cost-effective.
The economic impact of the use of amino acid PET in

patients with gliomas depends on the total costs of diagnosis
and treatment. A recent review reported that the ICER of the
use of temozolomide, a chemotherapeutic treatment option,
was between €37,361 per life-year gained and €42,912 per
quality-adjusted life-year gained. The treatment costs for
temozolomide were between €27,365 and €39,092 and
amounted to approximately 40% of the total treatment costs
(44), demonstrating that the use of amino acid PETwill have
a relatively low impact on total treatment costs of patients
with gliomas but may have a strong impact on treatment

efficiency. Studies have demonstrated that a complete resec-
tion of a malignant glioma improves survival. Moreover, if,
in addition to the surgery, medical therapies are applied, their
performance increases with decreasing tumor tissue. For ex-
ample, it was observed that radiochemotherapy followed by
adjuvant chemotherapy was more effective in patients treated
by complete resection than in those treated by incomplete
resection (45,46).

CONCLUSION

The results of this analysis indicate that amino acid PET
may be a cost-effective tool in the therapy planning of surgical
resection of supratentorial high-grade gliomas. Because the
model is based on limited empiric evidence, additional studies
of high methodologic quality addressing survival time and
quality of life are needed to confirm the results.
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