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Abstract

Purpose Several diagnostic trials have indicated that the
combined use of '*F-fluoroethyl-L-tyrosine (FET) PET and
MRI may be superior to MRI alone in selecting the biopsy
site for the diagnosis of gliomas. We estimated the cost-
effectiveness of the use of amino acid PET compared to
MRI alone from the perspective of the German statutory
health insurance.

Methods To evaluate the incremental cost-effectiveness of
the use of amino acid PET, a decision tree model was built.
The effectiveness of FET PET was determined by the prob-
ability of a correct diagnosis. Costs were estimated for a
baseline scenario and for a more expensive scenario in
which disease severity was considered. The robustness of
the results was tested using deterministic and probabilistic
sensitivity analyses.

Results The combined use of PET and MRI resulted in an
increase of 18.5% in the likelihood of a correct diagnosis.
The incremental cost-effectiveness ratio for one additional
correct diagnosis using FET PET was €6,405 for the base-
line scenario and €9,114 for the scenario based on higher
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disease severity. The probabilistic sensitivity analysis con-
firmed the robustness of the results.

Conclusion The model indicates that the use of amino acid
PET may be cost-effective in patients with glioma. As a
result of several limitations in the data used for the model,
further studies are needed to confirm the results.

Keywords Amino acid PET - Cost-effectiveness analysis -
Biopsy - Gliomas - Decision tree model

Introduction

Gliomas are primary brain tumours and are among the
tumours with the worst prognosis. The treatment and the
prognosis of gliomas are predominantly determined by his-
tological grading. While low-grade gliomas may permit a
watch and wait strategy [1], high-grade gliomas require
aggressive treatment with surgical resection, radiation and
chemotherapy [2—4]. In order to consider the appropriate
treatment options, it is important to achieve an early and
valid diagnosis. For the diagnosis of gliomas, guidelines
recommend a histological diagnosis via brain biopsy in
brain tumours [5—7]. When performing a brain biopsy, it is
important to choose the target region which is most infor-
mative for a correct diagnosis. Brain biopsies are fatal in
about 0.2% of patients and lead to severe morbidity in up to
2% [8, 9].

Due to its outstanding soft-tissue contrast and the vast
opportunities of multiplanar reconstruction, MRI has be-
come a standard tool in the diagnosis of gliomas [10, 11].
However, MRI has limited ability to differentiate tumour
tissue from oedematous, necrotic or fibrotic tissue. This can
lead to discrepancies between the real tumour size and
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signal abnormalities in MRI [12], resulting in selection of a
wrong biopsy site [13].

PET is one of the most promising new diagnostic tools in
clinical oncology because it permits the visualization of the
tumour metabolism. In contrast to most other oncological
indications, the diagnosis of gliomas is dominated by the
use of amino acid PET tracers [12, 14]. Several studies have
shown that the use of amino acid PET enables clinicians to
select tumour tissue more accurately than with MRI [13,
15-20]. The current guidelines of the Neuroimaging Com-
mittee of the European Association of Nuclear Medicine as
well as the guidelines of the German Society for Nuclear
Medicine recommend the use of amino acid PET, including
"®E_fluoroethyl-L-tyrosine (FET) PET for selecting the best
biopsy site in gliomas [21, 22].

However, the use of amino acid PET remains a matter of
debate, since high-quality randomized controlled trials are
lacking. So far, there is no controlled study that allows a
statement as to the patient-related benefits such as an in-
crease in quality of life or an increase in survival. Therefore,
in spite of the above-mentioned recommendations, the re-
imbursement for FET PET is still controversial, especially
within the German health-care system. Presently, the use of
FET PET is not reimbursed for the imaging of gliomas. To
our knowledge, an economic analysis on the selection of the
biopsy site in gliomas has not yet been published.

We report here an analysis of the cost-effectiveness of
FET PET for selecting the best biopsy site in gliomas from
the perspective of the statutory health insurance in Germany.
We developed a decision tree model to analyse the effec-
tiveness for this indication. By this means we compared the

two alternatives, MRI alone (MRI) and the combined use of
MRI and FET PET (MRI plus PET). The cost-effectiveness
was calculated using the incremental cost-effectiveness ratio
(ICER).

Methods

In order to analyse the effectiveness of MRI combined with
FET PET when guiding the biopsy of gliomas, we built a
decision tree model in which two alternative strategies were
compared (Fig. 1). In the intervention group the biopsy of
gliomas was guided by MRI plus PET, and in the control
group the biopsy was guided by MRI alone.

The construction of the decision tree model and the
sensitivity analyses were performed using TreeAge Pro
2009 (TreeAge Software, Williamstown, MA).

Calculation of the costs

We calculated the costs using a method similar to that used
by Heinzel et al. [23], who provide a more detailed descrip-
tion. The costs of amino acid PET were obtained from the
reimbursement scheme for medical procedures for privately
insured patients (http://www.e-bis.de/goae/defaultFrame.
htm) because they are currently not covered by the German
statutory health insurance. We calculated a baseline scenario
with the lowest reimbursement amount and a severity-
adjusted scenario with a higher reimbursement. The latter
scenario was calculated using a severity-based multiplying
factor depending on the medical procedure according to the
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Fig. 1 Decision tree for modelling the effectiveness of FET PET in
biopsy planning of patients with glioma. The model includes the two
alternative strategies of the use of MRI alone (Biopsy based on MRI) to
guide the biopsy of the glioma and of the combined use of MRI and
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PET (Additional PET). The probability of the right diagnosis is defined
as the outcome (see text for more details) (green circles chance node,
red triangles termination node)
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above-mentioned cost scale. This severity adjustment in
calculating reimbursement for medical procedures allows
adjustment for various factors such as the difficulty of the
procedure or the qualification of the health personnel.

We included the following costs for the baseline scenario
(severity-adjusted scenario): detailed consultation €8.74
(€20.10), report on diagnostic findings €7.58 (€17.43), in-
travenous injection €4.08 (€9.38), whole-body tumour scin-
tigraphy €131.15 (€236.07), PET with quantitative analysis
€417.15 (€786.89). These categories refer to the codes 3, 75,
253, 5431 and 5489 of the above-mentioned cost scale.
Additionally, the costs for the radioactive tracer were taken
into account. Some hospitals using amino acid PET have the
capacity to produce the tracers on-site. Moreover, FET is
available via commercial enterprises. In order to represent
the range of costs, we calculated the mean of the price of
two German enterprises and one on-site facility. Adding
value-added tax of 19%, the cost for the tracer was €616.

We did not consider indirect costs because they are not
relevant from the perspective of the health insurance.

The cost of the baseline scenario together with the addi-
tional tracer was €1,185, and the cost of the morbidity-
adjusted reimbursement rate scenario was €1,686 for one
PET scan.

Calculation of effectiveness of FET PET-guided biopsy
of gliomas

Input data

Our analysis of the use of amino acid PET for biopsy
guidance in patients with glioma was based on the longitu-
dinal within-group comparison of Pauleit et al. [19] includ-
ing 31 patients. In contrast to other studies, two important
methodological features were considered in this analysis.
First, it was the only analysis that compared MRI alone with
the combined information from MRI and PET for the selec-
tion of the biopsy site. Second, in order to assess the diag-
nostic quality of amino acid PET the results of the biopsy
should be related to its exact location within the PET scan.
In case of brain biopsies, however, it is difficult for the
neurosurgeon to verify the exact location of the biopsy in
relation to a postoperative cavity. In the study of Pauleit et
al. [19] the neurosurgeon placed intraoperative markers (e.g.
titanium pellets) at the location from which the biopsy was
taken. By means of these markers, it was possible to corre-
late exactly the imaging findings with the histological
specimen.

Decision tree model

The decision tree model begins at the point where the
diagnosis of a glioma is considered likely resulting in a

confirmatory test with a biopsy. The diagnostic hypothesis
is based on an MRI scan acquiring a T1-weighted 3-D
image with and without contrast agent (Gd-DTPA) and a
transverse FLAIR sequence. The outcome was defined as
the correctness of the diagnosis (correct diagnosis=1, wrong
diagnosis=0).

For the upper branch the first chance node contains the
two likelihoods PET-positive and PET-negative. This
describes the likelihood that the PET scan shows focally
increased amino acid metabolism resulting in the suspicion
of a PET-positive glioma. If the PET scan is positive, then
the combined information from MRI plus PET is used to
identify a target region for biopsy. The chance node follow-
ing the PET-positive branch includes the likelihood that a
target region based on the combined information from MRI
plus PET will or will not result in identifying tumour tissue
in a biopsy. Since gliomas are known to have a heteroge-
neous structure a biopsy should be taken at the most dedif-
ferentiated part of the tumour, otherwise the biopsy will lead
to a wrong diagnosis. Thus, if the biopsy specimen correctly
indicates both the type of tumour (i.e. glioma) and the grade
of the tumour (i.e. the degree of dedifferentiation, WHO 1,
I, III or IV) it is termed ‘Correct Diagnosis’, and if not
‘Incorrect Diagnosis’. The probabilities are calculated based
on the comparison of the biopsy specimen and the final
diagnosis obtained after surgical resection of the tumour.
Of 23 positive biopsy specimens, 21 showed the correct
grading, resulting in a probability of 0.91 for correct
grading.

The branches following the chance node ‘No Tumour in
Biopsy’ illustrate the likelihoods of glioma in spite of neg-
ative results from the biopsy. The branch ‘No Tumour in
Biopsy’ includes the probabilities that a negative biopsy,
given a positive PET and MRI scan, corresponds to the
complete absence of tumour (Correct Diagnosis) or to a
tumour in another region of the brain (Incorrect Diagnosis).
Comparing the negative biopsies from regions defined by
PET and MRI with the final diagnoses showed discrepant
diagnoses in four of five patients. Thus, in 20% of patients a
negative biopsy specimen correctly predicted the absence of
tumour.

The lower part of the decision tree models the use of MRI
alone for identifying a target region for biopsy. Basically, it
has the same structure as the upper part. The likelihood of
negative or positive MRI is not included since the decision
tree starts with the presumption of a diagnosis of glioma
based on MRI (i.e. positive MRI).

The probabilities of the chance nodes (i.e. ‘Additional
PET’, ‘PET negative’, ‘Tumour in Biopsy’, and ‘No Tu-
mour in Biopsy’) are based on the study by Pauleit et al.
[19]. For the calculations, we defined the prevalence (i.e. the
number of positive biopsies in the sample divided by the
number of all biopsies in the sample), the sensitivity (i.e. the
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number of true positive biopsy targets in MRI plus PET
divided by the number of all positive biopsy targets), the
specificity (i.e. the number of true-negative biopsy targets in
MRI plus PET divided by the number of all negative biopsy
targets), and the positive predictive value (i.e. the number of
biopsy targets identified by PET and MRI correctly predict-
ing tumour in the biopsy specimen divided by all biopsy
targets identified by MRI plus PET).

In the upper branch, the positive predictive value (i.e. the
likelihood of the chance node following the branch ‘PET
positive’) was estimated to be 93%. Thus, if a target region
for biopsy is defined by using MRI plus PET there is a
probability of 0.93 for acquiring tumour tissue in the biopsy
specimen.

The first chance node of the lower part of the decision
tree is calculated analogously to the chance node of the
alternative ‘Additional PET’ (see above). Applying the
reported data from Pauleit et al. [19] (sensitivity 96%,
specificity 53% and prevalence 50%) we calculated a posi-
tive predictive value (PPV) of 67%.

The branch ‘No Tumour in Biopsy’ is the likelihood that
anegative biopsy, given a positive MRI scan, corresponds to
the complete absence of tumour (‘Correct Diagnosis’) or to
the presence of tumour in another region of the brain (‘In-
correct Diagnosis’). Because there were no data available
from a control group without the use of a PET scan, we
included the negative biopsies from areas selected by MRI
alone and from those selected by MRI plus PET. The ratio-
nale for this was the assumption that in the absence of a PET
scan selected regions may or may not lie within areas of
increased amino acid metabolism. Thus, all negative biop-
sies taken from MRI-positive regions are considered irre-
spective of whether they are or are not additionally positive
in the PET scan. Of the 26 negative biopsy specimens,
8 showed an absence of tumour in the final diagnosis,
resulting in a probability of 0.30 for a correct diagnosis.

The probability of a ‘Correct Diagnosis’ following the
branch ‘Tumour in Biopsy’ was determined by comparing
the results of the final diagnosis (i.e. after surgical resection
of the tumour) with those from the biopsies. Again, we
included the negative biopsies from areas selected by MRI
alone and from those selected by MRI plus PET. Of 26
positive biopsy specimens, 23 had the correct grading,
resulting in a probability of 0.88 for a correct grading.

The probabilities of a correct diagnosis using MRI alone
and using MRI plus PET were calculated with the roll-back
procedure for decision trees using TreeAge Pro 2009. To
estimate expected values for each decision node, this meth-
od starts at the end-points of the decision tree and multiplies
the pay-offs (i.e. the benefit to the patient) by the probabil-
ities of their occurrence. For example, the expected value for
the third decision node of the alternative ‘Additional PET’
following the branch ‘Tumour in Biopsy’ is calculated as:
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1x0.91+0x0.09=0.91. These calculations are made for
each decision node.

Sensitivity analyses

In order to test the robustness of the results, we performed
deterministic and probabilistic sensitivity analyses. Deter-
ministic one-way sensitivity analyses were performed for all
values of the decision tree models to account for the impact
of their uncertainty. For each variable three intervals were
chosen. The low and high values of the intervals were
determined by questioning an expert. The expert was asked
to define a plausible range which would contain 95% of the
values for each variable (see Table 1).

We also performed probabilistic sensitivity analyses using
Monte Carlo simulation [24]. For the attribution of probability
distributions to the variables of the decision tree, triangular
distributions were used [25, 26]. Based on the initial definition
of the intervals by the expert, we fitted the respective distri-
butions for all variables (see Table 1). Afterwards the expert
was questioned again in order to ensure the plausibility of the
distributions. Based on these distributions, we performed a
second-order Monte Carlo simulation with 10,000 samples.

Results
Base case

The decision tree showed that the combined use of MRI plus
PET would result in an increased likelihood of a correct
diagnosis when compared to MRI alone (p=0.874 versus
p=0.689). Therefore, the incremental effectiveness of the

Table 1 Parameters used in the one-way sensitivity analyses and in the
Monte Carlo simulations. The nodes in the second part refer to Fig. 1
(Node 1 upper branch first node, Node 2 upper branch second node
following ‘PET positive’, Node 3 upper branch second node following
‘PET negative’, Node 4 upper branch third node following ‘Tumour in
Biopsy’, Node 5 upper branch third node following ‘No Tumour in
Biopsy’, Node 6 lower branch first node, Node 7 lower branch second
node following ‘Tumour in Biopsy’, Node 8 lower branch second node
following ‘No Tumour in Biopsy’)

Parameter Plausible range Triangular probability distribution
Minimum Most likely Maximum

Node 1 0.68-1.0 0.68 0.9 1

Node 2 0.85-0.99 0.85 0.93 1

Node 3 0.8-1.0 0.8 0.95 1

Node 4 0.85-1.0 0.85 0.91 1

Node 5 0.1-0.3 0.1 0.2 0.3

Node 6 0.6-0.8 0.6 0.7 0.8

Node 7 0.8-0.95 0.8 0.88 0.95
Node 8 0.1-0.4 0.1 0.3 0.4
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combined use of PET and MRI compared to MRI alone is an
increase of 18.5% in the likelihood of a correct diagnosis.
This means that six patients have to be diagnosed with MRI
plus PET in order to avoid one wrong diagnosis (number
needed to diagnose=1/0.185=5.4).

For the baseline scenario, this results in an ICER of
1,185/0.185=€6,405 (morbidity-adjusted reimbursement
rate scenario=€9,114).

Sensitivity analyses

The results of the one-way sensitivity analyses are shown in
Table 2. The variation in node 6 (the first node of the lower
branch in Fig. 1) may result in the lowest incremental
effectiveness of the combined use of MRI plus PET versus
MRI alone.

The statistics of the Monte Carlo simulations addressing
the effectiveness of MRI plus PET-guided biopsy in gliomas
are shown in Table 3 and Fig. 2. The mean incremental
effectiveness of MRI plus PET-guided biopsy versus biopsy
without PET was 0.179. Within the interval of 95% the
values ranged from 0.084 to 0.274, i.e. the probability of a
correct diagnosis using MRI plus PET is increased between
8% and 27%. This would result in an ICR between €14,813
and €4,389 for the baseline reimbursement rate, and be-
tween €21,075 and €6,244 for the morbidity-adjusted reim-
bursement rate.

Discussion

This study evaluated the cost-effectiveness of MRI plus PET
for the target selection of biopsies in gliomas. Compared to
MRI alone, MRI plus PET led to an increased likelihood of
a correct diagnosis with an incremental effectiveness of
18.5% and additional costs ranging from €1,185 to €1,686.
The ICER for one additional correct diagnosis using MRI
plus PET was between €6,405 and €9,114. The probabilistic
sensitivity analysis confirmed the robustness of the results.

Because there are no empirical data on patient-related
benefits such as survival or changes in patient management,
in this model we defined the probability of a correct diag-
nosis as the primary outcome. Although there was no direct
benefit for the patient, the probability of a correct diagnosis
appears to be an appropriate surrogate, as further therapy
planning in patients with glioma is based on it. Because
patients with high-grade glioma require radical surgical
resection of the tumour followed by chemotherapy and
radiation [7, 27], a wrong diagnosis may lead either to
premature aggressive treatment with the risk of serious side
effects or to delayed treatment with the risk of a decrease in
survival time.

Table 2 One-way sensitivity analyses for MRI plus PET-guided selection of biopsy target. The nodes refer to Fig. 1 (Node I upper branch first node, Node 2 upper branch second node following

‘PET positive’, Node 3 upper branch second node following ‘PET negative’, Node 4 upper branch third node following ‘Tumour in Biopsy’, Node 5 upper branch third node following ‘No Tumour

in Biopsy’, Node 6 lower branch first node, Node 7 lower branch second node following ‘Tumour in Biopsy’, Node 8 lower branch second node following ‘No Tumour in Biopsy’). For each analysis

three intervals were chosen. The low and the high values are derived from the probabilistic parameters in Table 1

Node 8

Node 7

Node 6

Node 5

Node 4

Node 3

Node 2

Node 1

Probability Incremental Probability Incremental Probability Incremental Probability Incremental Probability Incremental Probability Incremental Probability Incremental

Probability Incremental

effectiveness effectiveness effectiveness effectiveness effectiveness effectiveness effectiveness

effectiveness

0.289

0.8 0.277 0.1

0.264
0.225

0.60
0.67
0.73
0.80

0.230

0.10
0.17
0.23
0.3

0.173

0.215

0.80 0.203 0.85
0.87 0.9

0.93
1.00

0.245 0.85 0.215

0.68
0.79
0.89

0.2 0.256
0.3

0.243

0.85
0.9

0.225

0.210

0.220
0.225

0.897
0.943
0.

0.234

0.223

0.210

0.187
0.148

0.221

0.95 0.257

1

0.217

0.224

0.190

0.4

0.176

0.95

0.217

0

0.299

0.223

0.229

99

0.214
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Table 3 Statistics resulting from the Monte Carlo simulation (10,000
samples) for the effectiveness of PET-guided biopsy in gliomas. The
two centre columns represent the two alternative strategies for
performing a biopsy based on an MRI alone or based on MRI plus
PET. The values are the probability of obtaining a correct diagnosis

Statistic MRI plus PET  MRI alone Incremental effectiveness
Mean 0.872 0.694 0.179

Standard deviation  0.031 0.038 0.049

Minimum 0.767 0.556 —-0.003

2.50% 0.814 0.617 0.084

10% 0.832 0.644 0.115

Median 0.872 0.694 0.178

90% 0.913 0.743 0.243

97.50% 0.934 0.766 0.274

Maximum 0.976 0.813 0.344

Based on the results of this analysis, the increase in costs
for MRI plus PET lay between €1,185 for the baseline
scenario and €1,686 for the morbidity-adjusted reimburse-
ment rate scenario. Considering the costs of treatment for
gliomas (including many false-positives), this increase in
diagnostic cost appears to be acceptable. For example, in a
recently published systematic review that evaluated the
treatment costs of chemotherapy using temozolomide com-
bined with radiotherapy, the treatment costs for newly diag-
nosed glioblastoma were between €27,365 and €39,092
[28]. When using MRI plus PET, in our analysis six patients
needed to be diagnosed to obtain one additional correct
diagnosis. Hence, considerable savings can be expected by
avoiding unnecessary treatment.

It has been shown that the use of amino acid PET is of
particular value in patients with a non-contrast-enhancing
brain tumour on the MRI scan [29]. In these patients biopsy
targeting without PET is particularly difficult because usu-
ally the area of maximum contrast enhancement is selected
as the target. Additionally, it is important to note that non-
enhancement of a brain lesion does not equate to low-grade
malignancy [30]. Therefore, a biopsy-based diagnosis is
important in order to choose the most appropriate treatment.

Monte Carlo Simulation at
Biopsy based on MRI

Monte Carlo Simulation at
Additional PET

The data underlying our analysis were not selected accord-
ing to contrast enhancement on the MRI scan. Therefore,
one may assume an even lower likelihood of a correct
diagnosis with MRI alone compared to our input data. Thus,
the most cost-effective use of amino acid PET may apply to
such cases. Other reasons such as the heterogenic structure
of the tumour tissue, may also complicate biopsy targeting
with MRI alone. Thus, restricting the use of amino acid PET
to lesions without contrast enhancement may not be
justified.

Some limitations of this analysis have to be considered.
First, clinical data could only be derived from a longitudinal
within-group comparison including 31 patients. In that
study, patients with a space-occupying intracerebral lesion
that appeared as highly suspicious for cerebral glioma on the
CT and MRI scans were consecutively included. As indicat-
ed by the one-way sensitivity analyses, among different
variations of the parameters of the decision tree model, the
variation of the probability of a positive biopsy diagnosis
using MRI alone had the strongest impact on outcome.
Second, in the decision tree model the branch ‘No Tumour
in Biopsy’ represents the likelihood that a negative biopsy
(assuming a positive PET and MRI scan) corresponds to
complete absence of tumour tissue (Correct Diagnosis) or to
the presence of tumour in another region of the brain (In-
correct Diagnosis). This chance node indicates the probabil-
ity that in only 20% of the negative biopsies would the
specimen correctly predict the absence of tumour. It has to
be considered that this is related only to regions where a
PET scan indicates the presence of tumour tissue. In such
cases it seems that a negative biopsy would be unreliable.

In the near future, additional studies are needed to direct-
ly compare MRI-based and MRI/PET-based selection of the
biopsy site, ideally performed as randomized controlled
trials. This may also permit the reliability of a negative
biopsy in a patient with a PET scan indicating tumour tissue
to be verified. However, it has to be noted that such a trial
would require withholding a PET scan from some patients.
Because of an increased risk of a wrong diagnosis, one may

Incremental Outcome
Additional PET vs. Biopsy based on MRI
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Fig. 2 Distributions of the results of the Monte Carlo simulation with regard to the effectiveness of biopsy site selection based on MRI alone (/eff)
versus biopsy based on MRI plus PET scan (centre). The distribution for the incremental effectiveness is shown on right
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argue that withholding an amino acid PET scan would be
inappropriate from an ethical point of view since it violates
the duty of the physician to provide optimal medical man-
agement (see, for example, references [31, 32] for a more
detailed discussion on the ethical aspects of controlled
trials).

Additionally, it has to be considered that the technical
requirements for biopsy targeting using FET PET are high.
It can only be done with close interdisciplinary cooperation
between the department of radiology/nuclear medicine and
the department of neurosurgery and the availability of a
specific navigation system permitting fusion of the FET
PET and MRI data. These requirements may only be ful-
filled in some specialized centres treating a high number of
patients with glioma. One may therefore consider that biop-
sies in patients with glioma should be performed exclusively
in such specialized centres.

Third, it has to be noted that the costs of the tracers were
only calculated approximately based on data from two Ger-
man enterprises. The representativeness of this estimate is
unclear since costs may vary from centre to centre and
additional variables may affect the real costs. These are,
for example, reduced costs due to sales discounts if more
than one unit is purchased or additional costs due to long
distance transportation. Moreover, an increasing demand
may prospectively lead to an increase in production capacity
and to a decrease in price. These factors depend on the
individual needs of an institution and the future develop-
ments of the use of amino acid PET.

Summing up, the model indicates that FET PET may be a
cost-effective tool in the planning of biopsies of gliomas. It
has the potential to reduce ineffective treatment and
corresponding costs as well as harm to the patient. However,
additional studies are needed to confirm the results.

Conflicts of interest None.
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