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ABSTRACT 

Background: This study identified the optimal tracer kinetic model for quantification 
of dynamic O-(2-[18F]fluoroethyl)-L-tyrosine ([18F]FET) positron emission tomography 
(PET) studies in seven patients with diffuse glioma (four glioblastoma, three lower grade 
glioma). The performance of more simplified approaches was evaluated by comparison 
with the optimal compartment model. Additionally, the relationship with cerebral blood 
flow – determined by [15O]H2O PET – was investigated.
Results: The optimal tracer kinetic model was the reversible two-tissue compartment 
model. Agreement analysis of binding potential estimates derived from reference tissue 
input models with the distribution volume ratio (DVR)1 derived from the plasma input 
model showed no significant average difference and limits of agreement of 0.39 and 0.37. 
Given the range of DVR1 (0.25 to 1.5) these limits are wide. For the simplified methods, 
the 60-90 min tumor-to-blood ratio to parent plasma concentration yielded the highest 
correlation with volume of distribution VT as calculated by the plasma input model 
(r=0.97). The 60–90min standardized uptake value (SUV) showed better correlation with 
VT (r=0.77) than SUV based on earlier intervals. The 60–90min SUV ratio to contralateral 
healthy brain tissue showed moderate agreement with DVR with no significant average 
difference and limits of agreement of 0.24 and 0.30. A significant but low correlation was 
found between VT and CBF in the tumor regions (r=0.61, p=0.007). 
Conclusion: Uptake of [18F]FET was best modeled by a reversible two-tissue compartment 
model. Reference tissue input models yielded estimates of binding potential which 
did not correspond well with plasma input derived DVR1. In comparison, SUV ratio to 
contralateral healthy brain tissue showed slightly better performance, if measured at 
the 60–90 minute interval. SUV showed only moderate correlation with VT. VT shows 

correlation with CBF in tumor. 
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BACKGROUND

Since its introduction in 1999249 the amino acid tracer O-(2-[18F]fluoroethyl)-L-tyrosine 
([18F]FET) is increasingly used to image glioma.139 Because [18F]FET is not incorporated 
into proteins, it is a tracer for amino acid transport rather than for protein synthesis 
rate.249 [18F]FET positron emission tomography (PET) has shown its added value to 
magnetic resonance imaging (MRI) for several clinical problems regarding brain tumors, 
such as prognosis assessment, delineation of tumor extent and glioma grading.121 

The most extensive quantitative analysis of a PET tracer is based on dynamic PET scans 
in combination with plasma input based pharmacokinetic modelling.250 For large clinical 

studies, such an extensive analysis is not feasible; tracer uptake needs to be quantified 
using simplified measures. For example, the standardized uptake value (SUV) interval of 
20–40 minutes post injection is currently recommended for clinical reading in European 
Association of Nuclear Medicine and German guidelines.251,252 Simplified approaches 
are not only affected by regulation of specific amino acid transporters – the primary 
parameter of interest – but also by the blood flow and plasma concentration, which is 
in turn affected by the biodistribution, tracer metabolism, and uptake in blood cells. It is 
of interest to quantify these effects to gain a better understanding of the accuracy of a 
simplified measure and its reliability. 

In the current literature, we identified five studies that used pharmacokinetic modeling 
to quantify uptake of the tracer in the brain; two preclinical studies253,254 and three 

human studies.255-257 The human studies all used an image derived input function. 
Furthermore, we found only one study where metabolite concentration in plasma was 
measured.258 The tracer kinetics of [18F]FET in glioma patients are expected to be in line 
with preclinical research, but validation of kinetic models is needed. The aim of this 
study was therefore to identify the optimal metabolite corrected plasma input model 
for the quantification of [18F]FET kinetics. In addition, reference tissue input models and 
several simplified methods were validated in terms of their agreement with full kinetic 
analysis results. Lastly, the relationship of the methods and parameters with blood flow 
were investigated using [15O]H2O PET data. 
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METHODS

Subjects and study protocol
The study population consisted of seven patients with diffuse glioma from an ongoing 
patient study.201 Each patient gave written informed consent prior to inclusion. This 
study has been performed in accordance with the Declaration of Helsinki, approved by 
the Medical Ethics Committee of the VU University Medical Center and registered in 
the Netherlands National Trial Register (www.trialregister.nl, unique identifier NTR5354, 
registration date 4th of August 2015). The age of the patients ranged from 22 to 69 
years. All gliomas were newly diagnosed and selected for resective surgery. Imaging 
was preoperatively performed. Based on histology of biopsies taken before surgery – 
but after imaging – each glioma was classified according to World Health Organization 
(WHO) criteria as lower grade (WHO II-III) or glioblastoma (WHO IV).9 Four patients 
presented with glioblastoma, three with lower grade glioma. See supplemental Table S1 
for more details. 

The patients were required to fast at least 4 hours before undergoing the imaging 
protocol. T1-weighted gadolinium-enhanced (T1G) and FLAIR sequences were acquired 
on an Achieva whole-body 3.0T MR-scanner (Philips Healthcare, Best, the Netherlands). 
Details of the MR sequences are described in the supplemental material. Two dynamic 
PET scans were acquired on either a Gemini TF-64 PET/CT or an Ingenuity TF PET/CT 
(Philips Healthcare, Best, the Netherlands). Each scan started with a low dose computed 
tomography (CT) scan (30 mAs, 120 kVp) for attenuation and scatter correction purposes. 
A bolus of 800 MBq [15O]H2O was administered at the start of the first scan with a venous 
line and emission scans were acquired in list mode for 10 minutes. An arterial line in 
the opposite arm was used for continuous sampling using an on-line blood sampler 
(Comecer Netherlands, Joure, the Netherlands). Manual arterial samples were collected 
at 5, 7 and 9 minutes. A 90 minute dynamic scan was then acquired on the same 
system after a bolus of 200 MBq [18F]FET. [18F]FET was produced following the method 
earlier described.259 The radiochemical purity was >98% and the specific radioactivity 
>18.5 GBq∙µmol-1. Arterial blood was continuously sampled and manual samples were 
taken at 5, 10, 20, 40, 60, 75 and 90 minutes. The line-of-response row-action maximum 
likelihood algorithm (LOR-RAMLA) algorithm as provided by the scanner manufacturer 
was used for reconstruction of the scans into 26 time frames (1 × 10, 8 × 5, 4 × 10, 2 × 15, 
3 × 20, 2 × 30, 6 × 60 s) and 22 time frames (1 × 15, 3 × 5, 3 × 10, 4 × 60, 2 × 150, 2 × 300, 
7 × 600 s), respectively, both with an isotropic voxel size of 2mm. 

http://www.trialregister.nl/
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The measured arterial whole blood curve was calibrated using manual arterial samples. 
Then, metabolite-corrected plasma curves were constructed from the whole blood curve 
by correcting for the plasma to whole blood ratio and labeled metabolites concentration. 
The parent fractions were fitted with a Hill function.260 Concentration of both polar and 
non-polar metabolites was determined using solid phase extraction in combination with 
high performance liquid chromatography. More details on the blood measurements can 
be found in the supplemental material. 

Image processing and segmentation
The reconstructed PET images were checked frame by frame for movement and corrected 
accordingly. Affected time frames were rigidly coregistered to the attenuation scan using 
the generic multi-modality registration setup from Vinci (version 2.56.0, Max Planck 
Institute for Metabolism Research). However, if patient movement was more than 5mm 
the affected time frames were reconstructed after re-aligning the attenuation scan. The 
newly reconstructed frames were coregistered to the original attenuation scan. 

Tumor volumes were delineated on the MR images by a resident in neurosurgery with 
ample experience in imaging characteristics of patients with glial tumors. MR sequences 
were selected based on grade. Lower grade glioma was delineated using the FLAIR 
sequence; glioblastoma was delineated on T1G. These delineations were transferred to 
the dynamic PET scan after rigid coregistration – using the same registration setup – of 
the MR scan to the CT scan. Volume of the tumor delineations ranged from 25.2 to 
100.8cm3. In order to minimize heterogeneity, the MR based delineations were divided 
into three volumes of interest (VOI) based on the 33rd and 67th percentiles of the 20–40 
minutes [18F]FET uptake value. These VOIs were labeled low, medium or high uptake. 
For the reference region, a spherical VOI with 14 mm radius was placed at the mirror 
location of the tumor on the contralateral side, encompassing white and grey matter 
tissue. In addition, two more spherical VOIs of the same volume were placed at the 
contralateral side, not overlapping the reference region. Together with the reference 
region, these form the VOIs of presumed non-tumor (healthy) brain tissue and were 
used to investigate the pharmacokinetics in healthy tissue. 

Kinetic analysis of [15O]H2O
Parametric maps of cerebral blood flow (CBF) were constructed from the [15O]H2O PET 
scans and the plasma input functions using the basis function implementation of the 
standard single-tissue compartment model.261 The CBF maps were coregistered to the 
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summed [18F]FET image and the average value within each VOI was calculated. CBF was 
normalized to the same reference region to calculate the CBF-ratio. 

Kinetic analysis of [18F]FET 
Time-activity curves (TACs) were generated by projecting the VOIs on the dynamic [18F]

FET PET images. These TACs were analyzed with several pharmacokinetic plasma input 
models: the reversible single-tissue compartment model (1T2k

Vb
), the irreversible two-

tissue compartment model (2T3k
Vb

) and the reversible two-tissue compartment model 
(2T4k

Vb
).262 All models included an additional fit parameter for fractional blood volume 

(Vb) and therefore included both the whole blood and the metabolite-corrected plasma 
curve as input functions. The input functions were corrected for delay using a whole brain 
TAC. All models were fitted using weighted non-linear regression.263 Parameter errors 
were calculated as standard deviation, to estimate the reliability of the fitted kinetic 
parameter. To identify the optimal model, the fits of the pharmacokinetic plasma input 
models were evaluated visually and with the Akaike information criterion.264 Main kinetic 
parameters of interest were the volume of distribution (VT) for the reversible models, the 
influx rate constant (K

i
) for the irreversible model and the rate constant from plasma 

to tissue (K
1
). The relationship of these parameters with CBF was investigated using 

Pearson’s correlation coefficient (r). A p-value less than 0.05 was considered significant. 
K

1
 was also divided by CBF to calculate the extraction fraction. The distribution volume 

ratio (DVR) was calculated by normalizing the VT using the VT of reference region. The 
nondisplaceable binding potential, BPND,265 was then derived by BPND=DVR1 and used to 
validate BPND obtained using reference tissue input models (next paragraph). 

Performance of both the full reference tissue model (FRTM)266,267 and the simplified 
reference tissue model (SRTM) was investigated.268 The advantage of reference tissue 
input models is that no arterial input function is needed. Instead, a reference region 
is used as indirect input function, in this case the contralateral reference region. In 
this study, we assessed agreement between FRTM or SRTM derived BPND vs. plasma 
input model derived DVR1 and, similarly, R

1
 vs. plasma input model derived K

1
ratio (K

1
 

normalized to reference region) using Bland-Altman analysis.269 The relationship of BPND 

and R
1
 with the CBF-ratio was also investigated. 

We calculated SUV for intervals 20–40 minutes (SUV20-40), 40–60 minutes (SUV40-60) and 
60–90 minutes (SUV60-90) and calculated correlation with VT. We also calculated tumor-
to-blood ratios (TBlR) to investigate whether this would be a possible surrogate of VT. 



Quantification of O-(2-[18F]fluoroethyl)-L-tyrosine kinetics in glioma 105

6

Two variants were considered: ratio to whole blood activity (TBlRWB) and ratio to parent 
plasma activity (TBlRPP). Furthermore, relationship with CBF for all the above parameters 
was investigated. The SUV ratio (SUVR, SUV normalized to reference region; also known 
as tumor-to-brain or tumor-to-normal ratio) was also calculated for these three intervals. 
Agreement with DVR was evaluated using Bland-Altman analysis and correlation with 
CBF-ratio was determined. 

RESULTS

One of the lower grade glioma patients, patient two, showed very little uptake in the 
tumor yet could be visually distinguished based on the SUV20-40, see supplemental Figure 
S1. Figure 1 illustrates this and shows the SUV and SUVR over time for the high uptake 
VOIs. All except one tumor, from patient three, show the typical curve pattern generally 
associated with their grade.270 During acquisition of the [15O]H2O PET scan of patient six 
there were problems with the measurement of the arterial blood activity. CBF could 
therefore not be quantified for this patient. Two patients had moved during the dynamic 
[18F]FET PET scan, one had moved approximately 3mm and the other 15mm, both after 
at least 20 minutes. Both scans were corrected as described above. 

Figure 1 | SUV A) and SUVR B) curves 
of the high [18F]FET uptake VOI of 
each patient. Solid lines are lower 
grade gliomas, dashed lines are 
glioblastoma.

Figure 2 shows results from the manual blood sample measurements for the [18F]FET 
scans. The plasma to whole blood ratio is stable at an average of 1.22 ± 0.05 (standard 
deviation between patients). The parent fraction of [18F]FET was 79% ± 14% at time 
of the first manual blood sample (5 minutes post injection) and decreased slowly to 
68% ± 13% at 90 minutes post injection. 
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Figure 2 | Data from manual blood samples, showing the whole blood activity concentration 
over time corrected for injected dose and patient weight A), the ratio of activity concentration 
in plasma over activity concentration in whole blood B, and the percentage parent compound 
in the samples C). Solid lines are the average, dashed lines show the average ± SD over all 
patients.

Visual assessment of the fits showed that the irreversible model was not able to fit 
the tumor TACs. Figure 3 shows a typical example. The Akaike information criterion 
confirmed this finding and showed a preference for the 2T4kVb model in 95% (20/21) 
of the fitted TACs; for the other 5% (1/21) the 1T2kVb model was preferred. As such, 
the model preference seems independent of both uptake and grade as determined by 
histological assessment. In contralateral (healthy) brain tissue, the 2T4kVb model was 
preferred in 52% (11/21) of the regions and the 1T2kVb model in the other 48% (10/21). 
Correlation for VT in the tumor regions as derived from 2T4kVb and 1T2kVb was very high 
(r=0.99); however, agreement analysis showed a significant difference for estimated VT 
of 0.08 (9%), as shown in the Bland Altman plot in supplemental Figure S2. The 2-tissue 
reversible model was therefore used as reference for further analyses. 

A significant but low correlation was found between VT and CBF in the tumor regions 
(r=0.61, p=0.007), a scatter plot is shown in supplemental Figure S3. There was no 
correlation between K1 values of [18F]FET and CBF in the tumor regions (r=0.018, p=0.93), 
supplemental Figure S4. The calculated extraction fractions showed little variation in 
the non-tumor regions with a mean value of 0.071 and a standard deviation of 0.024. 
Extraction fraction in the tumor regions was higher with a mean value of 0.17 and a 
standard deviation of 0.13. A scatter plot of extraction fraction against CBF in both tumor 
and healthy regions is shown in supplemental Figure S5. 
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Figure 3 | Typical example of a TAC with fits of the three models: 1T2kVb dotted line, 2T3kVb 
dashed line, 2T4kVb solid line. The TAC of the high uptake VOI of patient 5, lower grade glioma; 
the first 10 minutes of the TAC A) and the whole 90 minutes B). The TAC of the high uptake 
VOI of patient 6, glioblastoma; the first 10 minutes of the TAC C) and the whole 90 minutes 
D).

Agreement between the estimated BPND from SRTM and DVR1 from the 2T4kVb is shown 
in Figure 4. Two outliers were identified, the low and medium uptake VOIs of patient 
two. The error of these BPND estimates was very high (standard deviations of 10.6 and 
31.6). If we disregard these outliers the limits of agreement are 0.39 and 0.37 (range 
DVR-1: -0.25 to 1.5). Agreement of R1 with K1-ratio from 2T4kVb was poor with an average 
difference of 0.90 and limits of agreement of 3.23 and 1.44 (range K1ratio: 0.85 to 4.8). 
BPND showed significant correlation with the CBF-ratio (r=0.83, p<0.001), R1 showed a 
significant but low correlation with the CBF-ratio (r=0.52, p=0.039); the scatterplots are 
shown in supplemental Figure S6. FRTM estimates of BPND mostly agreed with SRTM, 
however several additional outliers were seen with high parameter error of BPND. 



108 Chapter 6

Figure 4 | Agreement between BPND 
from SRTM and the DVR1 from the 
2T4kVb model. Scatter plot A) and 
Bland Altman plot B). Shaded areas 
are 95% confidence intervals.

Correlation between SUV20-40 and VT was significant but low (r=0.62, p<0.001); the scatter 
plot is shown in supplemental Figure S7. Correlation with VT was higher for later time 
intervals and this was also seen for TBlRWB and TBlRPP and for the correlations between 
SUVR and DVR. Correlation with K1 was higher for earlier time intervals. Correlation 
coefficients are given in Table 1. The agreement between SUVR and DVR showed a 
similar pattern, where the SUVR for later time intervals show better agreement with 
DVR as calculated with the 2T4kVb model. SUVR60-90 showed limits of agreement of 0.27 
and 0.34, see Figure 5, while limits of agreement for SUVR20-40 were 0.52 and 0.85 (range 
DVR: 0.75 to 2.5). 

Neither SUV nor TBlRWB showed significant correlation with CBF. In contrast, TBlRPP did 
show significant correlation with CBF and the correlation increased at later time intervals. 
For the 60-90 min interval the correlation coefficient was r=0.63, p=0.005. TBlRPP also 
showed agreement with VT with limits of agreement of 0.17 and 0.19 (range VT: 0.53 to 
2.1) and without significant bias. SUVR showed significant correlation with the CBF-ratio, 
for all time intervals the correlation was higher than 0.85. It was highest for the 20-40 
minute interval at 0.91, p<0.001. 
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Figure 5 | Agreement between 
SUVR60-90 and the DVR from the 
2T4k

Vb
 model. Scatter plot A) and 

Bland Altman plot B). Shaded areas 
are 95% confidence intervals.

Table 1 | Pearson correlation r between SUV based measures and kinetic parameters from 
2T4kVb.

Interval (min) VT DVR K
1

1.0

SUV TBlRWB TBlR 
PP

SUVR SUV TBlRWB TBlR
PP

20–40 0.55 0.79 0.85 0.78 0.76 0.48 0.55

40–60 0.70 0.84 0.94 0.88 0.69 0.41 0.45

60–90 0.77 0.86 0.97 0.94 0.63 0.39 0.42

DISCUSSION

The aim of this study was to derive the optimal plasma input kinetic model for dynamic 
[18F]FET PET studies and to validate performance of simplified methods. Therefore, 
various metabolite corrected plasma input models were evaluated and the optimal 
model was determined. Next, the optimal model was used to assess the agreement of 
various simplified methods with the optimal model including approaches often used in 
[18F]FET PET studies in glioma. 
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The optimal plasma input kinetic model was found to be the reversible two-tissue 
compartment model with fitted blood volume fraction. The model preference based on 
the Akaike criterion was clear for the tumor regions, where only 5% could be better 
fitted with the single-tissue compartment model. These data indicate that the model 
preference is independent of tumor grade or curve pattern, although there are too few 
data to substantiate this in this study. Healthy tissue regions were best fitted by the 
reversible two-tissue compartment model in half of the cases and by a single-tissue 
compartment model in the other half. Use of the single-tissue compartment model 
resulted in systematically lower estimates of VT: in tumor regions with an average 
difference of 9%, in healthy regions with an average difference of 7%. Based on the fits 
of all target and reference tissue TACs, we concluded that the two-tissue compartment 
model is most suitable for the further evaluations. 

Fully quantitative pharmacokinetic models require arterial plasma input functions. In 
this study manual arterial samples were used to correct for the labeled metabolite 
concentration. In an earlier report, results of metabolite measurements showed low 
fractions (5% at 5 minutes post injection, 13% at 120 minutes post injection), suggesting 
rapid excretion of labeled metabolites by the kidneys.271 In our study the results from the 
manual arterial blood samples showed a larger fraction of metabolites in blood (21% at 
5 minutes post injection, 32% at 90 minutes post injection). In an effort to investigate 
the effect of correction for the labeled metabolites, we fitted a 2T4k

Vb
 model with a 

whole plasma input function. Estimates of VT were on average 39% lower. Yet, estimates 
of DVR were the same on average. Therefore, the impact of using metabolite corrected 
input functions versus whole plasma input function on the validation of reference region 
based models or simplified methods is minimal. 

The results on the relationship with blood flow showed a significant correlation of VT 

with CBF, but correlation was low. As VT represents a perfusion independent estimate 
of tracer uptake, the observed correlation is likely due to physiological coincidence of 
both increased amino acid utilization and perfusion. This makes it impossible to draw 
conclusions about perfusion dependence of the simplified methods. The absence of 
correlation between K

1
 and CBF suggests that the extraction fraction is highly variable 

between patients. Indeed, the variation in the calculated extraction fractions is relatively 
high in the tumor regions across the patients. This could be the consequence of different 
levels of transporter expression or may be due to differences in blood brain barrier 
breakdown. 
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Agreement analysis on the simplified reference tissue model BPND vs. plasma input 
derived DVR1 showed wide limits of agreement. As such, BPND seems a poor surrogate 
for this parameter. Agreement for R

1
 vs. the K

1
-ratio was poor as well. The full reference 

tissue model showed no different results from the simplified reference tissue model, 
except for a few additional outliers. The poor performance of the reference tissue input 
model might be due to violated assumptions, making the model invalid. One of the 
assumptions is that both reference and target regions can be represented by a single-
tissue compartment model. For half of these data, both regions are better described by a 
two-tissue compartment model; for the other half the target region is better described by 
two tissue compartments while the normal regions are best described by a single tissue 
compartment. The expected error from the first violation is minor, while the second 
violation can lead to a 10% bias.272 Another possible source of error is non-negligible 
blood volume contribution. Moreover, use of reference tissue input models requires that 
the transport across the blood-brain barrier, represented by K

1
/k2 ratio, is equivalent 

between target (tumor) and reference regions. In case of gliomas, tracer uptake in the 
tumor can be affected by disruptions of the blood-brain barrier. Consequently, use of 
reference tissue input models may not be valid for dynamic [18F]FET brain studies. 

The TBlR
PP

60-90 showed good agreement with VT. A disadvantage of the TBlRWB and 

TBlR
PP

 is the requirement of blood samples and, for TBlR
PP

, the need for metabolite 
measurements. However, their correlation results suggest that plasma clearance effects 
(and thus variability in input functions between subjects) seem the largest contributor 
to SUV variability. If we convert the correlation results to coefficients of determination 
we see that 94% of the variability in TBlR

PP
60-90 can be explained by the variability in VT. 

This is encouraging for the use of SUVR, which largely corrects for variability of the input 
functions between patients. 

For SUV, TBlRWB and TBlR
PP

 uptake intervals later than the currently recommended 
20–40 minutes show better correlation with VT. Correlation was lowest for SUV20-40 and 

highest for TBlR
PP

60-90. Furthermore, from the time activity curves it becomes clear that 
the uptake value of the tumors is still changing during the 20–40 minute interval, see 
Figure 1. A possible downside of early static imaging might be that variability in uptake 
time will lead to variability in SUV. In contrast, the SUVR curves of four patients are 
relatively stable during this period. Three patients, however, show a variable SUVR at 
the 20–40 minute interval, which becomes more constant at later times. The agreement 
of SUVR with DVR also improves at later time intervals. The size of this improvement is 
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clearly illustrated by the limits of agreement, which are more than twice as wide for the 
20–40 minute interval. In terms of limits of agreement SUVR60-90 showed a slightly better 
agreement with DVR than SRTM. Just like for SRTM, a possible source of error is the 
blood-volume fraction, especially in case of blood-brain-barrier disruption. To conclude, 
early time point imaging (20–40min post injection) is usually applied and preferred in 
a clinical setting. A downside to static imaging is that the time activity curve pattern 
cannot be assessed, which has been shown to be helpful in determining the grade of 
glioma. Furthermore, when non-invasive quantification is required, it is recommended 
to use SUVR at later time points (60–90min post injection). When studies are designed 
to measure changes (longitudinally or after intervention), use of TBlRWB and TBlR

PP
 would 

be recommended, because of the better agreement with plasma input derived VT and 

the ability of compensating for inter-subject variability of the input function. Further 
studies are needed to investigate whether this improved quantification also improves 
the clinical value.

It must be noted that the small sample size of this study requires appropriate caution 
in the interpretation of the results presented here. The complexity of compartmental 
modeling with metabolite corrected plasma input function do not enable large study 
cohorts, yet compartmental modeling is an important step in the evaluation of tracer 
kinetics and its implications for more simplified approaches. The results of this study 
only apply to regional analyses, i.e. based on the mean signal of a VOI. Thus, relationships 
between parameters within a scan cannot be adequately investigated, because the 
number of data points (VOIs) per scan was limited. Voxel-based methods enable such 
analysis, but require further evaluation due to higher noise levels in voxel-based signals. 

CONCLUSION

In this study we derived that the two-tissue reversible plasma input model with fitted 
blood volume fraction is the optimal plasma input model to describe the kinetics of [18F]

FET in glioma patients. Furthermore, use of reference tissue input models and simplified 
methods, such as SUV and SUVR, was validated. BPND results obtained with reference 

tissue input models did not correspond well with plasma input derived DVRs, possibly 
due to violation of the reference tissue model assumptions. SUVR showed slightly better 
agreement with DVR than SRTM derived BPND. SUV only moderately correlated with VT 

with the best correspondence at later uptake time intervals (60–90min post injection). 
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The results of the study suggest that later time point imaging (60–90min post injection) 
outperforms currently recommended uptake time (20–40min post injection) in terms of 
quantitative value, i.e. correlation with VT and DVR. 
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SUPPLEMENTAL DATA

Details MR sequences
The MR sequences were acquired on an Achieva whole-body 3.0T MR-scanner (Philips), 
equipped with the standard head coil. Each patient was scanned with a sagittal 3D 
FLAIR sequence (TR/TE/TI (inversion time) 4800/279/1650ms, acquired voxel size 
1.12 × 1.12 × 1.12mm, reconstructed voxel size 1.04 × 1.04 × 0.56 mm), and a sagittal 3D 
T1-weighted gadolinium-enhanced (T1G) sequence (TR/TE/TI/flip angle 7/3/950ms/12°, 
acquired voxel size 0.98 × 0.98 × 1.0mm, reconstructed voxel size 0.89 × 0.89 × 1.0mm).

Details blood sample measurements
1 mL of plasma was diluted with 2mL of water and loaded onto an activated Sep-Pak tC18. 
The cartridge was first washed with 3mL of water and then eluted with 1mL of methanol 
followed by 2mL of water. Radioactivity in all three fractions (plasma, water, methanol/
water) was quantified. Radioactivity in the plasma and water fraction represented 
the polar radiolabelled metabolites of [18F]FET. Radioactivity in the methanol/water 
fraction was further analyzed with HPLC with radioactivity detection. The eluate was 
mixed and injected onto a gradient high performance liquid chromatography system. 
Stationary phase Phenomenex LUNA C18, 5µm. 250*10mm. Mobile phase: flow 3 ml/
min. A =acetonitrile, B =0.01 M phosphoric acid. Gradient: t=0, 90%B; t=10, 40%B; t=12, 
40%B, t=12.5, 90%B; t=15, 90%B. The HPLC eluate was monitored in series for ultraviolet 
and radioactivity. Fractions were collected and counted for radioactivity using a gamma 
counter. A radiochromatogram was reconstructed in Microsoft Excel.



Quantification of O-(2-[18F]fluoroethyl)-L-tyrosine kinetics in glioma 115

6

Supplemental Table S1 | Patient details.

Patient Glioma Grade IDH1 status 1p19q codeletion 

1 Glioblastoma IV wild type -

2 Astrocytoma II mutant no

3 Glioblastoma IV mutant -

4 Oligodendrocytoma II mutant yes

5 Astrocytoma II mutant no

6 Glioblastoma IV wild type -

7 Glioblastoma IV wild type -

Supplemental Figure S1 | Transaxial views of the tumors on 20–40 minutes standardized 
uptake value maps of [18F]FET. 
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Supplemental Figure S2 | Scatter A) and Bland-Altman plot B) of volume of distribution, VT, 

calculated with the 1T2k
Vb

 model versus the 2T4k
Vb

 model. Shaded areas are 95% confidence 
intervals.

Supplemental Figure S3 | Scatterplot of volume of distribution (VT) versus cerebral blood 
flow (CBF) A). The same plot with each patient indicated separately, connecting low, medium, 
and high VOIs with lines B). CBF data was not available for patient 6.

Supplemental Figure S4 | Scatterplot of K
1
 versus cerebral blood flow (CBF) A). The same plot 

with each patient indicated separately, connecting low, medium, and high VOIs with lines B). 
CBF data was not available for patient 6.
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Supplemental Figure S5 | Scatterplot of extraction versus cerebral blood flow (CBF). 

Supplemental Figure S6 | Scatterplots of simplified reference tissue model estimates of 
binding potential (BP

nd
) A) and K

1
-ratio (R

1
) B) against the cerebral blood flow ratio (CBF-ratio). 
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ABSTRACT 

Quantitative parametric images of O-(2-[18F]fluoroethyl)-L-tyrosine kinetics in diffuse 
gliomas could be used to improve glioma grading, tumor delineation or the assessment 
of the uptake distribution of this positron emission tomography tracer. In this study, 
several parametric images and tumor-to-normal maps were compared in terms of 
accuracy of region averages (when compared to results from nonlinear regression of a 
reversible two-tissue compartment plasma input model) and image noise using 90 min 
of dynamic scan data acquired in seven patients with diffuse glioma. We included plasma 
input methods (the basis function implementation of the single-tissue compartment 
model, spectral analysis and Logan graphical analysis) and reference tissue methods 
(basis function implementations of the simplified reference tissue model, variations of 
the multilinear reference tissue model and non-invasive Logan graphical analysis) as 
well as tumor-to-normal ratio maps at three intervals. (Non-invasive) Logan graphical 
analysis provided volume of distribution maps and distribution volume ratio maps with 
the lowest level of noise, while the basis function implementations provided the best 
accuracy. Tumor-to-normal ratio maps provided better results if later interval times were 
used, i.e. 60–90min instead of 20–40min, leading to lower bias (2.9% versus 10.8%, 
respectively) and less noise (12.8% versus 14.4%). 
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INTRODUCTION

Diffuse gliomas exhibit increased uptake and retention of O-(2-[18F]fluoroethyl)-L-
tyrosine ([18F]FET), an amino acid tracer that can be visualized with positron emission 
tomography (PET). In a previous study the optimal plasma input model for describing 
[18F]FET kinetics was identified.273 However, VOIs have to be defined beforehand and 
tracer uptake distributions cannot be assessed. The currently recommended252 [18F]FET 
PET standardized uptake value (SUV) image at 20–40min shows good contrast between 
lesions and healthy tissue. Interpatient differences are reduced by normalizing tumor 
uptake to that in a contralateral healthy region. Indeed, a tumor-to-normal ratio at 
20–40min is widely used for tumor delineation.121 At the same time, many other studies 
have used a dynamic scanning protocol, mostly for discriminating different tumor types 
based on uptake patterns.121 Several methods exist for “catching” tracer kinetics into 
parametric images. In theory, parametric images are more accurate than SUV images or 
tumor-to-normal maps, and may be better for glioma grading or delineation. Yet Logan 
graphical analysis has been the only parametric method for quantifying [18F]FET uptake 
so far.253,254,257 

The aim of this study was to determine the accuracy of parametric images and tumor-
to-normal maps for quantifying [18F]FET uptake. Results obtained using the previously 
identified plasma input model were used as reference. In addition, image noise 
characteristics of the maps were taken into account.

METHODS

Subjects
Data were derived from a study that has been reported previously.201,273 In short, the 
study population consisted of seven patients with a diffuse glioma (age range, 22–69y; 
four glioma WHO9 grade IV and three grade II). This study has been performed in 
accordance with the Declaration of Helsinki, approved by the Medical Ethics Committee 
of the VU University Medical Center and registered in the Netherlands National Trial 
Register (www.trialregister.nl, unique identifier NTR5354, registration date 4 August 
2015). Written, informed consent was obtained from all subjects prior to inclusion. 
Scanning protocol

http://www.trialregister.nl/
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Magnetic resonance (MR) sequences were acquired on an Achieva whole body 3.0T 
MR scanner (Philips Healthcare, Best, the Netherlands), equipped with a standard 
head coil. Each patient was scanned using a sagittal 3D fluid-attenuated inversion 
recovery (FLAIR) sequence (repetition time(TR)/echo time(TE)/inversion time(TI) 
4800/279/1650ms, acquired voxel size 1.12 × 1.12 × 1.12mm3, reconstructed voxel 
size 1.04 × 1.04 × 0.56mm3), and a sagittal 3D T1-weighted gadolinium-enhanced (T1G) 
sequence (TR/TE/TI/flip angle 7/3/950 ms/12°, acquired voxel size 0.98×0.98×1.0mm3, 
reconstructed voxel size 0.87 × 0.87 × 1.0mm3). A dynamic PET scan was acquired on 
either a Gemini TF-64 or an Ingenuity TF PET/computed tomography (CT) scanner 
(Philips Healthcare, Cleveland, Ohio, USA). Each scan started with a 1 min low dose CT 
scan for attenuation correction purposes. Next, a 90 min PET scan was acquired after 
administration of 200 MBq [18F]FET. The tracer was injected using a venous line, while 
an arterial line in the opposite arm was used for continuous sampling using an on-line 
blood sampler (Comecer Netherlands, Joure, the Netherlands). In addition, manual 
arterial samples were collected at 5, 10, 20, 40, 60, 75 and 90 min post injection of 
[18F]FET. Using the LOR-RAMLA algorithm, as provided by the manufacturer, scans were 
reconstructed into 22 frames (1 × 15, 3 × 5, 3 × 10, 4 × 60, 2 × 150, 2 × 300, 7 × 600s), 
with an isotropic voxel size of 2mm. Reconstructions included all usual corrections, 
i.e. normalization, decay, dead time, attenuation, randoms and scatter correction. The 
manual blood samples were used to calibrate the on-line blood curve and to correct 
it for plasma-to-whole blood concentration ratios and labeled metabolite fractions, 
thereby generating a metabolite corrected, arterial plasma input function. 

Data analysis
Glioblastomas were delineated on T1-weighted gadolinium-enhanced MRI images 
(T1G) and lower grade gliomas on FLAIR MRI images. As described elsewhere,273 tumor 
segmentations were divided into three equal sized volumes of interest (VOI) using 
the 33rd and 67th percentiles of the activity concentrations of [18F]FET at 20 to 40min. 
A spherical reference region with a radius of 14mm was placed in the middle of the 
contralateral homologous brain region.273 Time activity curves were extracted from these 
regions, which were fitted to the reversible two-tissue compartment plasma input model 
with additional blood volume fraction using nonlinear regression. In earlier work273 we 

found that reversible models were always preferred over the irreversible model in both 
tumor and reference regions and that the reversible two-tissue compartment model was 
preferred over the reversible single-tissue compartment model in most cases. The total 
volume of distribution (VT) was used as outcome measure. The distribution volume ratio 
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(DVR) was calculated by normalizing the VT to the VT of the reference region. Results for 
both parameters served as reference standard for the agreement analysis.

Parametric VT images were created using a basis function implementation of the 
reversible single-tissue compartment model (BFM)274, plasma input-based Logan 
graphical analysis (Logan)275 and Spectral Analysis (SA)276. Using the contralateral 

reference region, reference input-based Logan analysis (RLogan)277 was used to create 

a DVR map. Non-displaceable binding potential (BPND) maps were generated with basis 
function implementations of the simplified reference tissue model (receptor parametric 
mapping (RPM) and SRTM2)

278,279 and using several variations of the multi-linear 
reference tissue model (MRTMO, MRTM, MRTM2, MRTM3 and MRTM4).

280-282 MRTM2, 
MRTM3, MRTM4 and SRTM2 are all methods using a fixed k2’ (the clearance rate of the 
reference tissue) based on the median value from a first run. They are based on MRTM, 
MRTMO, MRTMO and RPM, respectively. In MRTM4 uses a different model in the first run 
where the fixed k2’ is based on MRTM. The BPND maps were converted to DVR maps using 
DVR = BPND + 1. Each method was applied using only the first 60 min of the acquired data 
to investigate the possibility of shortening scanning times, indicated in the results by 60 
in superscript. Finally, standardized uptake value ratio (SUVr, also known as tumor-to-
normal ratio) maps were created for three intervals: 20–40, 40–60 and 60–90min with 
intervals indicated by superscripts. SUVr was calculated by normalizing to the average 
uptake value in the reference region.

All maps were visually inspected for artifacts. After extracting average regional values 
from the parametric images, Bland-Altman analysis283 was used to determine the 
accuracy, i.e. the agreement with the reference, described above. Relative differences 
were calculated by dividing the difference by the reference. Results were summarized by 
both mean and standard deviation of these relative differences. 

The 3D T1G sequence was used for segmenting grey matter with SPM12.284 The grey 
matter probability map of the whole brain, including cerebellum, was converted to a 
binary mask using an intensity cut-off of 0.9. The tumor VOI was excluded from the grey 
matter mask to obtain a mask with only normal appearing brain tissue. This region was 
used to estimate image noise in the parametric maps by means of the coefficient of 
variation (COV, the standard deviation divided by the mean) of the voxel values within 
the region. These image noise estimates were used to rank the methods with respect to 
image quality. 
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Logan, RLogan and MRTM variations are linearization methods and require a start time 
(t*) representing the time beyond which the linear fit can be applied. The other methods 
are basis function implementations and require a range and number of basis functions. 
Settings were optimized for each method in preliminary analysis, selecting the settings 
producing the best accuracy. The settings used for each method are listed in Table 1.

Table 1 | Parametric methods and settings.

Method Parameter Start time  
(min)

Basis function range  
(min-1)

Number of basis 
functions

BFM VT 0.01 – 0.5 50

SA VT 0.01 – 4 50

Logan VT 10

RLogan DVR 30

RPM BPND+1 = DVR 0.01 – 4 50

SRTM2 BPND+1 = DVR 0.01 – 0.1 50

MRTMO DVR 30

MRTM DVR 10

MRTM2 DVR 10

MRTM3 DVR 30

MRTM4 DVR 50

RESULTS

Typical parametric maps of all methods are shown in Figure 1, using the three intervals 
for the SUVr images and 90 min of data for the other methods. Upon visual inspection, 
it became evident the BFM maps contained an artifact: boundaries appeared due to 
sudden steps in VT values, forming patches throughout the brain. We will refer to this 
as patchiness. The RPM maps showed a similar effect and the SRTM2 maps showed 
some patchiness mostly in white matter. These patches can sometimes be situated near 
or inside the tumor region. MRTM maps suffered from ‘dot artifacts’ – isolated voxels 
showing very high or very low values – resulting in high estimated image noise. The SUVr 
maps showed a decreasing contrast between tumor and normal brain for later intervals 
for most glioblastoma patients. The glioblastoma patient where this effect was strongest 
is shown in Figure 1. All results are summarized in Table 2.
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Figure 1 | Typical parametric and SUVr (tumor-to-normal) maps. Left is a patient with an 
oligodendrocytoma, right is a glioblastoma patient.

The results on accuracy for VT are shown in Figure 2A, which shows the relative 
agreement with the reference standard. The highest accuracy when using 90min of 
data was observed for BFM with a standard deviation of 5.7% and a small average 
underestimation of −4.9%. Logan shows a larger standard deviation, 7.5%, and a larger 
and consistent underestimation, −12%. SA had the lowest accuracy with a standard 
deviation of 9.4% and an average overestimation of 19%. The measured image noise, i.e. 
COV of every VT map is visualized in Figure 2B. In terms of image noise, BFM was found 
to be the worst of the three, with an average COV of 15.9%. This is in line with visual 
inspection, as described above. Logan showed the lowest level of image noise with an 
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average COV of 13.2%. SA showed an average COV of 14.2%. When using 60min of data, 
the accuracy became worse for all methods, but their ranking remained the same, and 
the average image noise COV rises to more than 16% for all methods. 

Figure 2 | Circles represent the full 90min dataset, triangles the first 60min. A) Accuracy; 
bars represent mean and standard deviation. Please note that the data points are from three 
regions inside the tumour for each subject, thus data can be correlated. B) Noise estimated 
in VT maps; bars represent mean. 

Results on accuracy and the measured COVs for DVR maps are shown in Figure 3. Using 
90min of data, RLogan provided the best maps in terms of image noise with a COV of 
12.1%. In terms of agreement with results from the reference standard, however, it 
showed a wide range of differences with a standard deviation of 18.3% and an average 
overestimation of 7.3%. RPM provided the best accuracy with a standard deviation of 
7.8% and a mean overestimation of 0.9%, but showed poor performance in terms of 
image noise. Observed image noise was less for SRTM2 maps. However, the accuracy 
of SRTM2 maps was poorer with a standard deviation of 12.0% and an average 
overestimation of 6.7%. 
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Table 2 | Results.

Method Relative accuracy Noise Tumor-to-normal ratio

SD (%) Mean (%) COV (%) Mean SD

BFM 90 5.7 -4.9 15.9 1.48 0.45
60 7.9 -9.2 21.1 1.47 0.46

Logan 90 7.5 -12.1 13.2 1.51 0.46
60 10.3 -20.7 16.2 1.52 0.50

SA 90 9.4 19.4 14.2 1.45 0.43
60 12.3 24.8 16.1 1.45 0.45

RLogan 90 18.3 7.3 12.1 1.54 0.46
60 21.8 9.3 13.7 1.57 0.50

RPM 90 7.8 0.9 20.8 1.46 0.40
60 8.2 -0.5 26.5 1.44 0.44

SRTM2
90 12.0 6.7 12.7 1.54 0.44
60 15.2 9.3 14.4 1.58 0.47

MRTMO
90 15.6 4.4 12.4 1.50 0.45
60 19.0 6.0 54.2 1.53 0.48

MRTM 90 11.6 4.3 85.7 1.51 0.46
60 19.0 6.4 74.6 1.53 0.49

MRTM2
90 139.9 67.5 229.8 2.37 1.85
60 44.0 2.8 146.5 1.44 0.89

MRTM3
90 16.0 4.8 12.3 1.51 0.44
60 21.1 3.5 25.7 1.49 0.48

MRTM4
90 36.2 3.1 24.1 1.46 0.54
60 440.7 433.6 34.4 6.76 5.70

SUVr 60–90 12.4 2.9 12.8 1.48 0.43
40–60 17.9 6.0 13.5 1.53 0.47
20–40 27.1 10.8 14.4 1.59 0.54

When using 90min of data, MRTMO showed little noise, yet the standard deviation of 
the differences was higher than for RPM, SRTM2, MRTM and SUVr.60–90 MRTM3, where 
the k2’ in MRTMO is fixed, was comparable to MRTMO in terms of noise, but poorer in 
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accuracy. MRTM performed better than MRTMO in terms of accuracy, but showed poor 
performance in terms of noise, agreeing with visual inspection described above. Both 
MRTM2 and MRTM4 showed inconsistent results: for most patients the maps showed 
large offsets, negative or positive, resulting in high standard deviations of differences 
(36.3% to 440%). Note that MRTM2 and MRTM4 were not included in Figure 3A to more 
clearly show the differences between the other methods. For the same reason, RPM60, 
MRTMO

60, MRTM, MRTM2, MRTM3
60 and MRTM4 were not included in Figure 3B. These 

data can be found in the supplemental material. 

Amongst the SUVr maps, the 60–90min interval was the best in terms of accuracy as 
well as image noise. SUVr60–90 showed accuracy comparable with MRTM and SRTM2 

and in terms of image noise it was comparable to SRTM2, although SRTM2 shows some 
abnormal patches mostly in white matter, which was not included in noise estimation. 

Figure 3 | Filled circles represent the full 90min dataset, filled triangles the first 60min, open 
circles the time interval of 60–90min, open triangles 40–60min, open squares 20–40min. A) 
Accuracy; bars represent mean and standard deviation. Please note that the data points are 
from three regions inside the tumour for each subject, thus data can be correlated. MRTM2 

and MRTM4 were excluded from this figure. B) Noise estimated in the DVR or BPND+1 maps; 
bars represent mean. RPM60, MRTMO

60, MRTM, MRTM2, MRTM3
60 and MRTM4 were excluded 

from this figure to more clearly show differences between the remaining methods.
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DISCUSSION

An important finding of this study is that, in general, less noise in the images (COV of voxel 
values) is associated with poorer accuracy at region level. In other words, the optimal 
parametric method depends on the specific application where it is used for. Some 
methods, however, showed better performance than others and can be recommended 
for further research. For estimation of VT, BFM showed the best accuracy, while in 
terms of noise, Logan plots show the best performance. For estimation of DVR, MRTMO, 
MRTM3 and RLogan plots showed good results in terms of image noise, but performed 
relatively poor in terms of accuracy, i.e. these methods showed some larger variance in 
differences with the reference. RPM showed the best accuracy, followed by MRTM, but 
both methods showed relatively high image noise levels. SRTM2 and SUVr60–90 showed 

comparable results both in terms of estimated image noise and accuracy. 

Patchiness in BFM VT maps can be seen especially in areas with low tracer uptake. The 
rate constants are difficult to determine in these areas because k2 reaches the lower limit. 
Although lowering the limit results in fewer and smaller patches, it also results in more 
prominent patches because contrast with surrounding tissue becomes higher. Because 
some of the patches are inside or near the tumor region, BFM is ill-suited for delineation 
purposes. Logan VT maps show an expected systemic underestimation mainly caused by 
noise, as previously reported for other tracers.285 SA does not show patches, but in terms 
of noise and accuracy of VT, it is inferior to the Logan maps in this study. Therefore, Logan 
is the most precise method for measuring VT at the voxel level. This conclusion also holds 
if shorter (60min) dynamic scans are used. 

The basis function implementations RPM and SRTM2 showed patchiness similar to BFM. 
Possibly, the patches arise from fit instability due to low tracer uptake or from the violated 
assumption of single tissue compartment models in both target and reference regions. 
SRTM2 is less affected than RPM, which indicates that the effect in RPM is partly caused 
by an unstable k2‘ estimation. Investigating estimated k2 values showed that for most 
voxels RPM chooses either the upper or the lower limit, thus k2’ compensation is needed 
to ensure good fits. When k2’ is fixed to a global brain estimate in SRTM2, most patches 
disappear, although some patches persist in areas with relatively low rate constants. 
Again, these patches can be near or in the tumor region. Therefore, the use of both RPM 
and SRTM2 for delineation is questionable while they perform well for assessing tracer 
uptake within (regions of) the tumor. 
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The main purpose of MRTM is not the parametric map itself, but providing a reliable 
k2’ estimate. The noise in the MRTM maps was expected: as described in the original 
paper the variability of the method increases compared to MRTMO, but a better accuracy 
is achieved, which is in line with the results here. Although a better accuracy for DVR 
is achieved, the k2’ estimation is unstable, causing large differences in the MRTM2 and 

MRTM4 maps. Ichise et al. recommend to use regional TACs where k2’ ≠ k2 for MRTM’s 
k2’ estimation because the method is not only sensitive to noise, but also becomes 
unstable when the clearance rates become identical.286 We fixed k2’ for both MRTM2 

and MRTM4 using a threshold on MRTM BPND>0 – which has worked well in the past282,287 

– but, given the sensitivity to noise, it might be better to use region based signal(s) for 
the k2’ estimation. The data shows, however, that clearance rates using a single tissue 
compartment model can be very similar in both tumor and reference region, especially in 
the lower grade diffuse gliomas. Thus, finding a suitable reference region is problematic. 
Although some optimization is possible, use of MRTM2 or MRTM4 is not promising for 
FET in glioma. 

RLogan plots showed maps with the lowest noise levels, but also with relatively low 
accuracy. MRTMO showed better accuracy, and only a small increase in noise. MRTM3 is 

comparable to MRTMO. SUVr60–90 shows the best accuracy among the remaining methods 
and is not much poorer in terms of noise. When only 60 min data is available, SUVr40–60 

is the best method in terms of noise and only RPM60 and SRTM2
60 show better accuracy. 

If 60min data is used, all MRTM variations show more noise than the other methods. 

SUVr is the easiest method to implement and it is used in most studies since it is the 
currently recommended method, although with an earlier tracer uptake interval. The 
present results indicate, however, that a later interval shows better agreement with DVR 
derived using a two-tissue compartment model with blood volume fraction. SUVr also 
showed less noise at later intervals. From visual inspection of the images, it is clear that 
the contrast between grey and white matter also decreases. Although we have tried 
to minimize partial volume effects by using a relatively high cut-off value for the grey 
matter mask, the higher contrast for earlier intervals might (partly) explain the higher 
image noise estimates. Although some methods show better results in terms of accuracy 
or image noise, the SUVr maps show relatively good results in both. 
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Inherent to SUVr images at later intervals is a decreased tumor-to-normal ratio in high-
grade gliomas; these tumors typically show decreasing activity concentrations after an 
early peak, while the activity concentration in the reference region is constant after 
30min, approximately. This decreasing contrast over time can make it harder to see and 
delineate the tumor. In case of threshold-based delineation, the decrease can pose a 
problem when the ratio approaches noise levels in the image. An example of this is 
found in Figure 1, where the extent of the tumor is increasingly difficult to determine 
in the later SUVr images compared to the SUVr20-40 image. Although SUVr images at a 
later interval provided better quantitative performance, their application will prove 
problematic in some glioblastoma patients. Future research should investigate whether 
changing the time interval of SUVr images shows improvement in clinical applications, 
such as improved sensitivity or specificity in distinguishing between tumor and normal 
tissue, and whether or not this outweighs the problem of (too) low contrast in some 
patients. 

CONCLUSION

In this study, we evaluated the performance of several parametric methods for the 
analysis of dynamic brain 18F-FET PET studies. It was found that the optimal method 
depends on the intended application. If a region-based approach is used, BFM and RPM 
are recommended for most accurate estimation of VT and DVR, respectively, despite 
patchy artifacts in the images. If quantitative maps are required for accurate estimates 
on voxel level, e.g. for assessing the location of tumor boundaries or assessing tracer 
uptake distribution, Logan graphical analysis and SUVr60–90 (tumor-to-normal maps at 
interval 60–90min) are the most suitable methods for deriving VT and DVR, respectively. 
For tumor-to-normal maps, longer or, in case of static imaging, later scans provided 
better quantitative performance. Assessment of the clinical relevance of these findings 
is needed. Because of the good performance of SUVr, future studies could focus on the 
clinical evaluation of SUVr, obtained at several tracer uptake intervals.
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ABSTRACT 

Background: Positron emission tomography (PET) is increasingly used to guide local 
treatment in glioma. The purpose of this study was a direct comparison of two potential 
tracers for detecting glioma infiltration, O-(2-[18F]-fluoroethyl)-L-tyrosine ([18F]FET) and 
[11C]choline .

Methods: Eight consecutive patients with newly diagnosed diffuse glioma underwent 
dynamic [11C]choline and[18F]FET PET scans. Preceding craniotomy, multiple stereotactic 
biopsies were obtained from regions inside and outside PET abnormalities. Biopsies 
were assessed independently for tumor presence by two neuropathologists. Imaging 
measurements were derived at the biopsy locations from 10–40min [11C]choline and 

20–40, 40–60 and 60–90min [18F]FET intervals, as standardized uptake value (SUV) and 
tumor-to-brain ratio (TBR). Diagnostic accuracies of both tracers were compared using 
receiver operator characteristics analysis and generalized linear mixed modeling with 
consensus histopathological assessment as reference. 
Results: Of the 74 biopsies, 54 (73%) contained tumor. [11C]choline SUV and [18F]FET SUV 
and TBR at all intervals were higher in tumor than in normal samples. For [18F]FET, the 
diagnostic accuracy of TBR were higher than that of SUV for intervals 40–60min (area-
under-the-curve: 0.88 versus 0.81, p=0.026) and 60–90min (0.90 versus 0.81, p=0.047). 
The diagnostic accuracy of [18F]FET TBR 60–90min was higher than that of [11C]choline 

SUV 20–40min (0.87 versus 0.67, p=0.005).
Conclusions: [18F]FET was more accurate than [11C]choline for detecting glioma 
infiltration. Highest accuracy was found for [18F]FET TBR for the interval 60–90min post 
injection.
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BACKGROUND

MRI-guided resection is the first step in multimodality treatment of diffuse gliomas.288 

The accuracy of standard T2-, FLAIR and T1 contrast enhanced weighted MRI sequences, 
currently used in clinical practice,38 to detect glioma infiltration is low.3-6 In a recent meta-
analysis, the diagnostic accuracy of T1 contrast enhanced weighted MRI sequences to 
identify high-glioma infiltration was lower than [11C-methyl]-methionine (11C-MET) PET.126 

This is in line with the Response Assessment in Neuro-Oncology (RANO) working group 
that recommends amino acid PET tracers to delineate glioma extent,121 based on two 

studies in which 11C-MET and 18F-2-fluoro-2-deoxyglucose were directly compared,289,290 

and more indirect evidence such as extension of PET-based tumor volumes outside MRI 
abnormalities.68 The most frequently used amino acid tracers are 11C-MET and O-(2-
[18F]-fluoroethyl)-L-tyrosine ([18F]FET ), due to its longer half-life omitting the need for 
an on-site cyclotron. 

Choline is a well-established tracer of phospholipid metabolism and cell membrane 
synthesis,291-293 although sparsely studied in untreated glioma.294-297 Gliomas demonstrate 
similar uptake of the choline tracers [11C]choline and 18F-choline,294 which is very low 
in normal brain compared with other tracers, potentially providing better contrast 
between normal brain and glioma.295,298 A dependency between choline uptake and 
blood-brain barrier (BBB) integrity has been described.299,300 On the other hand, similar 
relationships for tracer uptake and BBB integrity have been described for choline tracers 
and [18F]FET.301 To the best of our knowledge, no study, has directly compared a choline 
tracer with [18F]FET PET for the detection of glioma infiltration. 

Therefore, we set out to compare the diagnostic accuracy of [11C]choline and [18F]FET 
PET in quantitative maps to detect glioma infiltration using co-registered multi-region 
stereotactic biopsies as reference.

METHOD

Patients
The design of this prospective single center study (Amsterdam UMC, Amsterdam, the 
Netherlands) is described elsewhere.201 Eight consecutive adults with a newly-diagnosed 
supratentorial suspected diffuse glioma were included between September 2014 and 
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March 2016. The indication for resective surgery was confirmed by the institutional 
multidisciplinary neuro-oncology tumor board. The eventual diagnoses proved to be 
two IDH1-mutated astrocytomas (WHO grade II), one IDH1-mutated 1p/19q-codeleted 
oligodendroglioma (grade II), one IDH1-mutated glioblastoma (grade IV) and three IDH1-
wildtype glioblastomas (grade IV). Patient characteristics are presented in Table 1. 

The study protocol was approved by the Medical Ethics Committee of the Amsterdam 
UMC, VU University Medical Centre and registered in the Dutch National Trial Register 
(www.trialregister.nl, unique identifier NTR5354). Informed consent was obtained from 
all individual participants included in the study.

PET protocol
Both dynamic scan protocol and pharmacokinetic modeling of [18F]FET have been 
described elsewhere.273 Patients were required to fast for at least four hours prior to 
undergoing the imaging protocol. Both [11C]choline and [18F]FET dynamic PET scans were 
acquired in list mode on either a Gemini TF-64 PET/CT or an Ingenuity TF PET/CT (Philips 
Healthcare, Best, the Netherlands), using the same scanner for each patient. Each scan 
started with a low-dose CT scan (30 mAs, 120 kVp) for attenuation and scatter correction 
purposes. Next, a 40 minutes dynamic scan was acquired after an intravenously injected 
bolus of 200 MBq [11C]choline . Four hours after [11C]choline administration, a second, 
90 minutes dynamic scan was acquired after a bolus of 200 MBq [18F]FET . The list mode 
data were rebinned into 22 time frames for [11C]choline (1 × 10, 4 × 5, 2 × 10, 2 × 20, 
4 × 30, 4 × 60, 1 × 150, 2 × 300, 2 × 600 s) and 22 time frames for [18F]FET (1 × 15, 3 × 5, 
3 × 10, 4 × 60, 2 × 150, 2 × 300, 7 × 600 s). All frames were reconstructed into images with 
an isotropic voxel size of 2 × 2 × 2mm3 using the line-of-response row-action maximum 
likelihood algorithm was used for the Gemini, and the “BLOB-OS-TF” algorithm for the 
Ingenuity. Each scan was checked and corrected for movement, if necessary, using 
the method described previously.273 Maps of standardized uptake value (SUV) were 
normalized in activity concentrations using the injected dose per kg body weight. Tumor-
to-brain ratios (TBR) were calculated with a contralateral reference region, a spherical 
volume with a radius of 14mm placed in the middle of the contralateral brain region. 
SUV and TBR were summarized for [11C]choline uptake between 10–40 minutes and for 
[18F]FET uptake between 20–40, 40–60 and 60–90 minutes. These intervals were chosen 
after visual inspection of the time-activity curves of both tracers. The reconstructions 
were based on static intervals for both tracers, because we demonstrated that static 
and dynamic parameters are quantitatively comparable in [18F]FET PET 273 and full kinetic 

http://www.trialregister.nl/


539689-L-bw-Verburg539689-L-bw-Verburg539689-L-bw-Verburg539689-L-bw-Verburg
Processed on: 2-1-2020Processed on: 2-1-2020Processed on: 2-1-2020Processed on: 2-1-2020 PDF page: 137PDF page: 137PDF page: 137PDF page: 137

Direct comparison of [11C]choline and [18F]FET PET to detect glioma infiltration 137

8

Ta
bl

e 
1 

| P
ati

en
t C

ha
ra

ct
er

isti
cs

.

Pa
tie

nt
 

no
.

Ag
e 

(y
)

Se
x

Hi
st

ol
og

y
W

HO
 g

ra
de

ID
H 

st
at

us
M

GM
T 

st
at

us
Le

si
on

 si
te

PE
T 

tr
ac

er
s

Bi
op

si
es

1
28

Fe
m

al
e

Gl
io

bl
as

to
m

a
IV

M
u

ta
n

t
M

et
hy

la
te

d
Le

ft 
Fr

on
ta

l
1

1
C-

ch
ol

in
e

8

2
66

M
al

e
Gl

io
bl

as
to

m
a

IV
W

ild
-t

yp
e

M
et

hy
la

te
d

Ri
gh

t F
ro

nt
al

1
8
F-

FE
T

8

3
37

M
al

e
As

tr
oc

yt
om

a
II

M
u

ta
n

t
M

et
hy

la
te

d
Ri

gh
t F

ro
nt

al
Bo

th
9

4
38

Fe
m

al
e

Gl
io

bl
as

to
m

a
IV

M
u

ta
n

t
M

et
hy

la
te

d
Le

ft 
Fr

on
ta

l
Bo

th
12

5
24

M
al

e
O

lig
od

en
dr

og
lio

m
a

II
M

u
ta

n
t

M
et

hy
la

te
d

Ri
gh

t P
ar

ie
ta

l
Bo

th
8

6
21

M
al

e
As

tr
oc

yt
om

a
II

M
u

ta
n

t
M

et
hy

la
te

d
Le

ft 
Te

m
po

ra
l

Bo
th

8

7
58

M
al

e
Gl

io
bl

as
to

m
a

IV
W

ild
-t

yp
e

U
nm

et
hy

la
te

d
Le

ft 
Pa

rie
ta

l
Bo

th
9

8
55

Fe
m

al
e

Gl
io

bl
as

to
m

a
IV

W
ild

-t
yp

e
M

et
hy

la
te

d
Ri

gh
t P

ar
ie

ta
l

Bo
th

12

bo
th

 =
[11

C]
ch

ol
in

e 
an

d 
[18

F]
FE

T 
PE

T.



539689-L-bw-Verburg539689-L-bw-Verburg539689-L-bw-Verburg539689-L-bw-Verburg
Processed on: 2-1-2020Processed on: 2-1-2020Processed on: 2-1-2020Processed on: 2-1-2020 PDF page: 138PDF page: 138PDF page: 138PDF page: 138

138 Chapter 8

analysis of choline is difficult due to the fast metabolism.302 This resulted in two [11C]

choline maps (SUV and TBR at 10–40 minutes) and six [18F]FET maps (SUV and TBR each 
at three intervals).

MRI protocol
The MR-sequences were acquired on an Achieva 3.0T MR-scanner (Philips), equipped 
with the standard head coil. Each patient was scanned with a sagittal 3D Fluid Attenuated 
Inversion Recovery (FLAIR) sequence (TR/TE/TI (inversion time) 4800/279/1650ms 
acquired voxel size 1.12 × 1.12 × 1.12mm, reconstructed voxel size 1.04 × 1.04 × 0.56mm), 
and a sagittal 3D T1-weighted gadolinium-enhanced (T1G) sequence (TR/TE/TI/flip angle 
7/3/950ms/12°, acquired voxel size 0.98 × 0.98 × 1.00mm, reconstructed voxel size 
0.89 × 0.89 × 1.00mm).

Stereotactic biopsy procedure
The [11C]choline SUV 10–40 minutes, [18F]FET SUV 20–40 minutes and MRI FLAIR scan 
were rigidly registered to the T1G MRI (iPlan 3.0, Brainlab) and used to plan a maximum 
of 12 sample locations along three biopsy trajectories, avoiding vascular structures 
and regions related with function. Preceding the craniotomy, samples were obtained 
multiple regions using a previously described stereotactic procedure.201 Biopsy sample 
coordinates were recorded for each imaging modality. 

Histopathology
Samples were formalin-fixed paraffin-embedded and stained using hematoxylin and 
eosin (HE) and Ki-67, p53 and IDH1 R132H mutation immunohistochemistry. Two expert 
neuropathologists independently and in consensus classified tumor presence or absence 
for each sample, while blinded for the imaging results, the patient’s diagnosis, and the 
correlations between samples. All patients had a histopathological diagnosis according 
to WHO 2016 criteria.9

Statistical analysis
The index tests of the receiver operating characteristic (ROC) analysis were the 
intensities in the PET maps. The reference test was tumor presence in consensus 
between neuropathologists. Image intensities were summarized for a 1cm3 region of 

interest (ROI), containing 125 voxels, centered at the biopsy sample coordinates (FSL, 
version 5.0.9, FMRIB Software Library, Analysis Group) using the 90th percentile. Missing 
data were omitted from analysis. Summarized intensities of each map were compared 
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between histologically normal and tumor sample locations using two-sided Mann-
Whitney U tests. The area under the ROC curve (AUC) with 95% confidence intervals 
(95% CI) and optimal cut-off with sensitivity, specificity, positive (PPV) and negative 
predictive values (NPV) were calculated for all maps (R package ‘pROC’, version 1.10.0). 
The AUCs were compared using a nonparametric analysis of clustered binary data, 
which corrects for the within-patient correlation of the samples.245 Tumor presence was 
modeled as independent binary variable from imaging intensities by generalized linear 
mixed regression with logit link (R package ‘lme4’, version 1.1–13). Patient identification 
was included as random effect to account for within-patient correlation of the samples. 
Models were compared using the Akaike Information Criterion.303 P-values of less than 
0.05 were considered significant. Subgroup analyses of high- and low-grade glioma were 
performed. All statistical analyses were performed using R (version 3.3.2, R Foundation). 
R. The study was conducted in accordance with the Standards for Reporting of Diagnostic 
Accuracy Studies statement (Supplemental Table S1).304

 

RESULTS

Two patients with a high-grade glioma were scanned with only one tracer due to 
insufficient and low-quality yield of, respectively, [11C]choline and [18F]FET . Visual 
inspection showed absence of [11C]choline uptake in patients three and six (Figure 1C), 
both with an IDH1-mutated astrocytoma (WHO grade II). All patients displayed clear 
[18F]FET uptake. Median time between PET scan and surgery was 6.5 days (range 2–12).

A total of 74 biopsy samples were acquired, with a median of 8.5 samples (range 8–12) 
per patient of which 54 (73%) were classified as tumor and 20 (27%) as normal. In the 49 
samples of high-grade gliomas, 32 (65%) were classified as tumor and 17 (35%) as normal. 
In the 25 samples of low-grade gliomas, 22 (88%) were classified as tumor and 3 (12%) as 
normal. Of the 66 samples with [11C]choline data, 50 (76%) were classified as tumor and 
16 (24%) as normal. In the 41 samples of high-grade gliomas, 28 (68%) were classified 
as tumor and 13 (32%) as normal. Of the 66 samples with [18F]FET data, 49 (74%) were 
classified as tumor and 17 (26%) as normal. In the 41 samples high-grade gliomas, 27 
(66%) were classified as tumor and 14 (34%) as normal. Representative examples of the 
imaging and histology are shown in Figure 1. No biopsy-related complications occurred. 
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Figure 2 | Comparison of [11C]choline 

PET maps. A) Boxplot of [11C]choline 

standardized uptake values for normal 
(light grey) and tumor (dark grey) 
samples. B) Boxplot of [11C]choline 

tumor-to-brain ratios for normal (light 
grey) and tumor (dark grey) samples. 
C) Receiver operating characteristics 
curves for standardized uptake values 
(blue) and tumor-to-brain ratios (yellow) 
to detect tumor presence.
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Figure 3 | Comparison of [18F]FET PET maps: A) Boxplot of [18F]FET standardized uptake values 
and tumor-to-brain ratios at 20–40, 40–60 and 60–90min for normal (light grey) and tumor 
(dark grey) samples. B) Receiver operating characteristics curves for standardized uptake 
values (dotted line) and tumor-to-brain ratios (line) at 20–40min (blue), 40–60min (red) and 
60–90min (yellow) to detect tumor presence.

Comparison of [11C]choline PET standardized uptake values and tumor-to-brain ratios
SUV was significantly higher in tumor samples than in normal samples and no difference 
was observed for TBR between tumor samples and normal samples (Figure 2A). In high-
grade gliomas, both SUV and TBR were significantly higher in tumor samples than in 
normal samples (Supplemental Figure S1A). In low-grade gliomas, no difference was 
observed for SUV and TBR between tumor and normal samples (Supplemental Figure 
S2A). The diagnostic accuracy for SUV and TBR for [11C]choline PET measurements 
to detect tumor presence was similar (AUC (95%CI): 0.67 (0.51–0.83) versus 0.63 
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(0.37–0.88), not significant) (Figure 2B). In high-grade gliomas, diagnostic accuracy of 
SUV and TBR were similar (0.76 (0.56–0.96) versus 0.73 (0.47–1.00), not significant) 
(Supplemental Figure S1B). In low-grade gliomas, diagnostic accuracy of SUV was higher 
than TBR (0.77 (0.39–1.00) versus 0.61 (0.27–0.94), p<0.001) (Supplemental Figure 2B). 
Based on the significant difference in uptake between tumor and normal samples, we 
used [11C]choline PET SUV for further analyses to compare with [18F]FET .

Comparison of [18F]FET PET standardized uptake values and tumor-to-brain ratios at 
20–40, 40–60 and 60–90min 
The SUV and TBR of all intervals were higher in tumor samples compared to normal 
samples in all gliomas (Figure 3A) and high-grade gliomas (Supplemental Figure S3A). 
In low-grade gliomas, there was no difference between tumor and normal samples 
SUV and TBR of all intervals (Supplemental Figure S4A). The 60–90min TBR diagnostic 
accuracy was the highest and significantly higher than all SUVs (AUCs in Table 2 and ROC 
curves in Figure 3B and C). In high-grade gliomas, the diagnostic accuracy was highest 
in the 40–60min and 60–90 in TBR, with a significantly higher accuracy of 40–60 min 
TBR than 20–40min SUV (Supplemental Figure S3B). In low-grade gliomas, the 40–60min 
TBR diagnostic accuracy was the highest and significantly higher than 40–60min and 
60–90 min SUV (Supplemental Figure S4B). The TBR of [18F]FET at 60–90min was used for 
further analyses to compare with [11C]choline, because of the higher diagnostic accuracy. 

Table 2 | Comparison of diagnostic accuracy of [18F]FET SUV and TBR intervals in 7 patients 
with 66 samples.

SUV TBR

    20–40 min 40–60 min 60–90 min 20–40 min 40–60 min

 AUC 0.79 0.81 0.81 0.84 0.88

95%CI 0.59–0.99 0.63–0.99 0.64–0.99 0.70–0.98 0.76–1.00

SUV 40–60 min 0.81 0.63–0.99 p=0.377   

60–90 min 0.81 0.64–0.99 p=0.478 p=0.747   

TBR 20–40 min 0.84 0.70–0.98 p=0.166 p=0.466 p=0.595   

40–60 min 0.88 0.76–1.00 p=0.026 p=0.026 p=0.043 p=0.158  

60–90 min 0.90 0.79–1.00 p=0.033 p=0.043 p=0.047 p=0.082 p=0.355
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Comparison of [11C]choline and [18F]FET PET 
The diagnostic accuracy to detect tumor of the best quantitative map using [18F]FET is 
higher than the best quantitative map using [11C]choline (AUC (95%CI): 0.87 (0.75–1.0) 
and 0.68 (0.51–0.85), p=0.005), as plotted in Figure 4. This was similar in high-grade 
gliomas, although not significant, while the diagnostic accuracy in low-grade gliomas 
was comparable between [18F]FET and [11C]choline (Supplemental Figure S5). The TBR of 
[18F]FET PET at 60–90min was strongly associated with tumor presence in multivariable 
models, but [11C]choline was not (Table 3). In high-grade gliomas, both tracers were 
associated with tumor presence, while in low-grade gliomas none (Supplemental Table 
S2). 

Specificity

Se
ns

i!
vi

ty

1.0 0.8 0.6 0.4 0.2 0.0

0.0

0.2

0.4

0.6

0.8

1.0

●

0.569 (Spec = 1.00, Sens = 0.36, PPV = 1.0, NPV = 0.33)

11C−choline SUV 10−40 min AUC 0.68

●

1.321 (Spec = 0.88, Sens = 0.84, PPV = 0.95, NPV = 0.65)

18F−FET TBR 60−90 min AUC 0.87
p=0.005

Figure 4 | Receiver operating characteristics 
curve of [11C]choline standardized uptake 
values at 10–40min (yellow) and [18F]FET 
tumor-to-brain ratios at 60–90min (blue) 
(n=6).

Table 3 | Multivariable regression analysis with tumor-to-brain ratios of [11C]choline and [18F] 

FET PET (n=6).

 Coefficient Standard Error P-value AIC model

(Intercept) -15.908 6.826 0.020 41.5

[11C]choline SUV 10–40min 7.536 6.492 0.246

[18F]FET TBR 60–90min 10.216 4.398 0.020
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DISCUSSION

Our study demonstrates that [18F]FET PET is more accurate than [11C]choline PET to detect 
glioma infiltration. Furthermore, our results suggest that the [18F]FET PET 60–90min 
interval might have a higher diagnostic accuracy than the 20–40min interval. 

Few studies have compared [18F]FET and [11C]choline tracers in glioma.295,297,305 These 
studies did not address glioma infiltration in patients, but differentiation of radiation 
necrosis and glioma recurrence in animals,305 detection of metabolic hotspots for grading 
in low- and high-grade glioma,295 and the use of [11C]choline PET in [18F]FET -negative low-
grade gliomas.297 In these studies [18F]FET PET was better than [11C]choline PET.

Our findings support the debate on the best interval for [18F]FET PET favoring the longer 
interval of 60–90min over the recommended 20–40min interval.252 Others have found 
better detection of diffuse glioma at intervals over 60 min compared to shorter intervals 
as well.306 On inspection of our PET maps this can be explained by improved contrast 
between tumor and normal brain due to the mitigation of uptake in surrounding brain 
tissue. It remains to be determined whether the modest increase in accuracy of longer 
scan intervals is set off by the longer procedure time between tracer injection and scan 
completion.

Our findings of the accuracy of [18F]FET PET to discern tumor from normal confirms that 
of others. In a recent meta-analysis, pooling of seven [18F]FET PET studies resulted in an 
accuracy of 0.89.126 Combining MRI and FET PET was more accurate than MRI alone,54 

and [18F]FET PET accuracy was higher than intra-operative 5-ALA fluoresence.52 The [18F]

FET tracer seems to perform similar to the 11C-MET tracer,126 Of interest the patient with 
a WHO grade II oligodendroglioma had higher uptake of both [18F]FET and [11C]choline 

than the WHO grade II astrocytomas. This may be attributable to the higher proliferation 
and microvessel counts in oligodendrogliomas.295,307,308 The lower accuracy in low-grade 
compared to high-grade gliomas has been described before.255

The profound difference in [18F]FET and [11C]choline uptake in glioma may have several 
explanations. First, the cellular transport mechanism differs between these tracers. 
Uptake of [18F]FET is mediated by system L amino acid transporters (LAT) and uptake 
of [11C]choline correlates with choline transporter-like 1 (CTL-1) expression.78,82 Second, 
choline metabolism is very fast, with the parent fraction of the tracer decreasing in 
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15min to 27%,309 compared to 87% in 120 min for [18F]FET,258 resulting in a better tracer 
availability of [18F]FET. Finally, the dependency of [18F]FET uptake on breakdown of the 
BBB was less than that of [11C]choline, with high [18F]FET uptake also in tumor regions 
outside the area of contrast enhancement (Supplemental Figure S6). This is in line with 
preclinical studies and one human study comparing amino acid and choline tracers for 
the differentiation of glioma recurrence and radiation necrosis.253,300,305 Other preclinical 
studies, however, found similar and even higher BBB dependency of [18F]FET compared 
with choline tracers.298,301 A potential explanation is the use of an acute radiation injury 
model in these studies, which has a more profound inflammatory response and more 
BBB disruption than seen in radiation necrosis. 

A practical implication from our study is that glioma resections and radiation oncology 
plans may consider use of [18F]FET PET at late intervals to include glioma infiltration 
in local treatment plans. Amino acid tracers have been recommended to guide glioma 
resections.121 

Our study has some limitations. The number of patients for our detailed imaging protocol, 
which can be demanding for patients, is necessarily limited, although the number of 
samples is relatively large. The assessment of tumor presence by neuropathologists 
as a reference test is known to be subject to interobserver variation,115 which is partly 
accounted for by consensus assessment. 

CONCLUSION

The [18F]FET tracer is more accurate than [11C]choline to detect glioma infiltration. The 
most accurate [18F]FET maps are based on static TBR for the interval 60–90min post 
injection.
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Supplemental Table S1 | Standards for Reporting of Diagnostic Accuracy Studies statement 
checklist.

Section &  
Topic

No Item Reported 
on page #

TITLE OR 
ABSTRACT

1 Identification as a study of diagnostic accuracy using at least 
one measure of accuracy 
(such as sensitivity, specificity, predictive values, or AUC)

1

ABSTRACT

2 Structured summary of study design, methods, results, and 
conclusions  
(for specific guidance, see STARD for Abstracts)

4

INTRODUCTION

3 Scientific and clinical background, including the intended use 
and clinical role of the index test

5

4 Study objectives and hypotheses 5

METHODS

Study design 5 Whether data collection was planned before the index test 
and reference standard were performed (prospective study) 
or after (retrospective study)

5

Participants 6 Eligibility criteria 5

7 On what basis potentially eligible participants were identified 
(such as symptoms, results from previous tests, inclusion in 
registry)

5

8 Where and when potentially eligible participants were 
identified (setting, location and dates)

5

9 Whether participants formed a consecutive, random or 
convenience series

5

Test methods 10a Index test, in sufficient detail to allow replication 6,7

10b Reference standard, in sufficient detail to allow replication 7

11 Rationale for choosing the reference standard (if alternatives 
exist)

-

12a Definition of and rationale for test positivity cut-offs or result 
categories 

of the index test, distinguishing pre-specified from 
exploratory

7
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Section &  
Topic

No Item Reported 
on page #

12b Definition of and rationale for test positivity cut-offs or result 
categories of the reference standard, distinguishing pre-
specified from exploratory

7

13a Whether clinical information and reference standard results 
were available to the performers/readers of the index test

7

13b Whether clinical information and index test results were 
available to the assessors of the reference standard

7

Analysis 14 Methods for estimating or comparing measures of diagnostic 
accuracy

7,8

15 How indeterminate index test or reference standard results 
were handled

7

16 How missing data on the index test and reference standard 
were handled

7

17 Any analyses of variability in diagnostic accuracy, 
distinguishing pre-specified from exploratory

7

18 Intended sample size and how it was determined Ref 23

RESULTS

Participants 19 Flow of participants, using a diagram -

20 Baseline demographic and clinical characteristics of 
participants

Table 1

21a Distribution of severity of disease in those with the target 
condition

8

21b Distribution of alternative diagnoses in those without the 
target condition

8

22 Time interval and any clinical interventions between index 
test and reference standard

8

Test results 23 Cross tabulation of the index test results (or their distribution) 
by the results of the reference standard

Figure 2-4

24 Estimates of diagnostic accuracy and their precision (such as 
95% confidence intervals)

8,9, Table 2

25 Any adverse events from performing the index test or the 
reference standard

8

DISCUSSION

26 Study limitations, including sources of potential bias, 
statistical uncertainty, and generalizability

11

27 Implications for practice, including the intended use and 
clinical role of the index test

11
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Section &  
Topic

No Item Reported 
on page #

OTHER 
INFORMATION

28 Registration number and name of registry 6

29 Where the full study protocol can be accessed 6

30 Sources of funding and other support; role of funders 12

Supplemental Figure S1 | Comparison 
of [11C]choline SUV and TBR in high-
grade gliomas.

A) Boxplot of [11C]choline SUV (left) 
and TBR (right) for samples from 
high-grade gliomas assessed as 
normal (light grey) or tumor (dark 

grey) with p-value of Mann-Whitney 
U test. B) ROC curves of [11C]choline 

SUV (blue) and TBR (yellow) in high-
grade gliomas with AUC. Points 
represent optimal threshold with 
corresponding specificity (Spec), 
sensitivity (Sens), positive (PPV) and 
negative predictive value (NPV). 
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Supplemental Figure S2 | Comparison of [11C]choline SUV and TBR in low-grade gliomas.

A) Boxplot of [11C]choline SUV (left) and TBR (right) for samples from low-grade gliomas 
assessed as normal (light grey) or tumor (dark grey) with p-value of Mann-Whitney U test. B) 
ROC curves of [11C]choline SUV (blue) and TBR (yellow) in low-grade gliomas with AUC. Points 
represent optimal threshold with corresponding specificity (Spec), sensitivity (Sens), positive 
(PPV) and negative predictive value (NPV). 
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Supplemental Figure S3 | Comparison of [18F]FET SUV and TBR in high-grade gliomas. 

A) Boxplot of [18F]FET SUV (top) and TBR (bottom) for the intervals 20–40min (left), 40–60min 
(middle) and 60–90min (right) for samples from high-grade gliomas assessed as normal 
(light grey) or tumor (dark grey) with p-value of Mann-Whitney U test. B) ROC curves of 
[18F]FET SUV (top) and TBR (bottom) for the intervals 20–40min (blue), 40–60min (red) and 
60–90min (yellow) in high-grade gliomas with AUC. Points represent optimal threshold with 
corresponding specificity (Spec), sensitivity (Sens), positive (PPV) and negative predictive 
value (NPV). 
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Supplemental Figure S4 | Comparison of [18F]FET SUV and TBR in low-grade gliomas.

A) Boxplot of [18F]FET SUV (top) and TBR (bottom) for the intervals 20–40min (left), 40–60min 
(middle) and 60–90min (right) for samples from low-grade gliomas assessed as normal 
(light grey) or tumor (dark grey) with p-value of Mann-Whitney U test. B) ROC curves of 
[18F]FET SUV (top) and TBR (bottom) for the intervals 20–40min (blue), 40-60min (red) and 
60–90min (yellow) in low-grade gliomas with AUC. Points represent optimal threshold with 
corresponding specificity (Spec), sensitivity (Sens), positive (PPV) and negative predictive 
value (NPV). 
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Supplemental Figure S5 | ROC curve of [11C]choline and [18F]FET in high- and low-grade 
gliomas.

ROC curves of [11C]choline SUV (yellow) and [18F]FET TBR 60–90min (blue) in high- (left) and 
low-grade (right) gliomas with AUC. Points represent optimal threshold with corresponding 
specificity (Spec), sensitivity (Se                                                                     ns), positive (PPV) and negative predictive value (NPV).

Supplemental Table S2 | Multivariable regression analysis with tumor-to-brain ratios of 
11C-choline and 18F-FET PET for high- and low-grade gliomas.

  Coefficient Standard Error P-value AIC model

High grade (Intercept) -618.060 39.070 <0.001 12.7
11C-choline SUV 10–40 min 396.690 32.510 <0.001
18F-FET TBR 60–90 min 299.980 25.620 <0.001

Low-grade (Intercept) -8.581 7.155 0.230 21.0
11C-choline SUV 10–40 min 11.189 8.605 0.194
18F-FET TBR 60–90 min 5.025 4.553 0.270
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Supplemental Figure S6 | Boxplot of [18F]FET (left) and [11C]choline (right) SUV and in samples 
with and without contrast enhancement in enhancing gliomas with colors representing 
samples assessed as normal (blue) and tumor (green).
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Improved detection of diffuse glioma 

infiltration with imaging combinations:  
a diagnostic accuracy study
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ABSTRACT 

Background: Surgical resection and irradiation of diffuse glioma are guided by standard 
MRI: T2/FLAIR-weighted MRI for non-enhancing and T1-weighted gadolinium-enhanced 
(T1G) MRI for enhancing gliomas. Amino acid PET has been suggested as new standard. 
Imaging combinations may improve standard MRI and amino acid PET. The aim of 
the study was to determine the accuracy of imaging combinations to detect glioma 
infiltration.
Methods: We included 20 consecutive adults with newly-diagnosed non-enhancing (seven 
diffuse astrocytomas, IDH-mutant; one oligodendroglioma, IDH-mutant and1p/19q-
codeleted; one glioblastoma IDH-wildtype) or enhancing glioma (glioblastoma, nine 
IDH-wildtype and two IDH-mutant). Standardized pre-operative imaging (T1-, T2-, 
FLAIR-weighted and T1G MRI, perfusion and diffusion MRI, MR spectroscopy and 
O-(2-[18F]-fluoroethyl)-L-tyrosine ([18F]FET) PET) was co-localized with multi-region 
stereotactic biopsies preceding resection. Tumor presence in the biopsies was assessed 
by two neuropathologists. Diagnostic accuracy was determined using receiver operating 
characteristic analysis.
Results: A total of 174 biopsies were obtained (63 from nine non-enhancing and 111 from 
11 enhancing gliomas), of which 129 contained tumor (50 from non-enhancing and 79 
from enhancing gliomas). In enhancing gliomas, the combination of Apparent Diffusion 
Coefficient (ADC) with [18F]FET PET (AUC, 95%CI: 0.89, 0.79–0.99) detected tumor better 
than T1G MRI (0.56, 0.39–0.72; P<.001) and [18F]FET PET (0.76, 0.66–0.86; P=0.001). 
In non-enhancing gliomas, no imaging combination detected tumor significantly better 
than standard MRI. FLAIR-weighted MRI had an AUC of 0.81 (0.65–0.98) compared to 
0.69 (0.56–0.81; P=0.019) for [18F]FET PET. 
Conclusion and relevance: Combining ADC and [18F]FET PET detects glioma infiltration 
better than standard MRI and [18F]FET PET in enhancing gliomas, potentially enabling 
better guidance of local therapy. 
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INTRODUCTION

Imaging of diffuse glioma infiltration guides decisions for initial local treatment. For 
instance, surgical resection aims to remove as much tumor as possible guided by standard 
MRI: T1-weighted gadolinium-enhanced (T1G) sequences for enhancing gliomas and T2-
weighted (T2w) or Fluid Attenuation Inversion Recovery-weighted (FLAIR) sequences for 
non-enhancing gliomas. Furthermore, irradiation is guided by T1G MRI abnormalities 
with centimeter margins and FLAIR MRI abnormalities for enhancing gliomas,44 and T2w 
or FLAIR MRI abnormalities with centimeter margins for non-enhancing gliomas.44,310 

Several observations challenge the accuracy of standard MRI to detect glioma 
infiltration: glioma cells have been detected outside MRI abnormalities,3,4 most gliomas 
recur locally after gross total resection,5,6 and survival is poor even after radiologically-
complete resections.7,8 In a recent meta-analysis, amino acid PET and magnetic 
resonance spectroscopy (MRS) were more sensitive for glioma infiltration detection 
in enhancing gliomas than standard MRI.126 Furthermore, the Response Assessment 
in Neuro-Oncology (RANO) working group has recently concluded amino acid PET to 
be superior to standard MRI for the delineation of diffuse glioma. The RANO working 
group, however, also suggests that combinations of imaging sequences could potentially 
be more accurate than single sequences.84,121 Only a few studies have reported imaging 
combinations, which suffered from a limited number of imaging sequences, imprecise 
correlation between imaging measurements and histopathological verification, and 
overrepresentation of enhancing tumors.54,311-316

Better detection of glioma infiltration by imaging combinations could have several 
clinical benefits. First, imaging combinations should guide more extensive resections 
beyond the standard MRI abnormalities. The few studies that used FLAIR-weighted 
MRI, PET or MRS for resections beyond standard MRI abnormalities have demonstrated 
longer progression free and overall survival.7,79,129,130 Second, more accurate estimation 
of glioma infiltration should identify patients with such extensive infiltration that partial 
tumor removal would be meaningless. Third, imaging combinations should improve 
clinical target volumes for irradiation. Finally, imaging combinations should determine 
tumor growth more accurately in follow-up in particular for non-enhancing gliomas.317,318 

Diffuse gliomas can be subclassified using different biomarkers, for example; imaging 
markers such as enhancement on T1G MRI; histopathological markers like the WHO 
classification; or molecular markers such as IDH mutational status. Since surgical resection 
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is mostly initiated before histopathological or molecular diagnosis, imaging markers are 
used to select the optimal imaging method for guidance of surgical resection. 

We set out to determine the most accurate imaging combination to detect glioma 
infiltration in enhancing and non-enhancing gliomas using precise multi-region biopsies 
from regions with and without imaging abnormalities. 

METHODS 

Study population
The protocol of this prospective single center diagnostic study has been described 
elsewhere.201 Study participants were recruited between September 2014 and June 2018 
at the Brain Tumor Center of Amsterdam UMC, Netherlands. Adult patients were eligible 
for inclusion with an indication for resective surgery for a suspected supratentorial 
diffuse glioma (WHO grade II-IV), diagnosed by an experienced neuroradiologist and 
confirmed by the multidisciplinary neuro-oncological tumor board. Exclusion criteria 
were pregnancy, previous brain surgery, cranial irradiation or chemotherapy, or other 
brain pathology on MRI.

The study protocol was approved by the Medical Ethics Review Committee of the VU 
University Medical Center, and registered in the Dutch National Trial Register (NTR5354). 
Written informed consent was obtained from all patients.

Imaging methods
MRI and O-(2-[18F]-fluoroethyl)-L-tyrosine ([18F]FET) PET scans were acquired within 14 
days preceding surgery, both on the same day when possible. MRI was performed at 3T 
(Achieva, Philips Healthcare), and PET on either a Gemini TF-64 PET/CT or an Ingenuity 
TF PET/CT (Philips Healthcare). MRI included standard sequences: T1-weighted (T1w), 
T2w, FLAIR and T1G; diffusion tensor imaging MRI sequences yielding Apparent Diffusion 
Coefficient (ADC) and Fractional Anisotropy (FA); perfusion MRI sequences yielding: 
Dynamic Susceptibility Contrast relative Cerebral Blood Volume (DSC-CBV) and relative 
Cerebral Blood Flow (DSC-CBF) and Arterial Spin Labeling relative Cerebral Blood Flow 
(ASL-CBF) and MR Spectroscopic Imaging yielding Cho/NAA Index (MRSI-CNI). For [18F]

FET PET, a tumor-to-brain ratio, validated with full kinetic modeling,273 of the 20-40 
minute interval, in accordance with European guidelines for brain tumor imaging,252 
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was used. Scan protocols, including the [18F]FET PET tumor-to-brain ratio method, are 
provided in the Supplementary Methods. 

Multi-region stereotactic biopsies
All imaging sequences were linearly registered with the T1G MRI (iPlan 3.0, Brainlab) 
and subsequently used to plan a maximum of 12 sample locations along three biopsy 
trajectories, avoiding vascular structures and regions related with crucial functions. 
Preceding the craniotomy, cylindrical samples (1.8mm diameter and 1 mm length) were 
obtained from regions inside and outside of imaging abnormalities using customized 
stereotactic procedures, detailed elsewhere,201 to co-localize with the imaging as precise 
as possible (median Euclidean distance 3.5mm). These biopsy sample locations were 
digitally recorded intra-operatively to retrieve the corresponding coordinates in the 
imaging sequence. 

Assessment of tumor presence 
Samples were fixed in formalin, embedded in paraffin, stained with hematoxylin and 
eosin, and immunohistochemically analyzed with antibodies against Ki-67, p53 and 
R132H mutant IDH1. Two expert neuropathologists, blinded for the imaging results and 
patient diagnosis, independently assessed tumor presence in each sample. Consensus 
was obtained in case of disagreement. Histopathological diagnosis of each patient was 
determined from the resection material in routine procedures according to the WHO 
2016 criteria.9 

Imaging analysis
Imaging sequence coordinates that corresponded with biopsy sample locations were 
used to center cubic regions of interest (ROI) of 1cm3. In order to normalize the imaging 
sequences with relative measurements (T1w, T2w, FLAIR, T1G, DSC CBV and CBF and ASL 
CBF), a ROI was manually placed in the same region of the contralateral hemisphere for 
each biopsy location. For each imaging sequence, the mean of the voxel measurements 
within the biopsy and contralateral ROI were extracted for further analyses (FSL version 
5.0.9, FMRIB Software Library). 

Statistical analysis
Descriptive statistics were used to report patient demographics, biopsy results and 
imaging measurements of normal and tumor samples. Differences between imaging 
measurements of normal and tumor samples were compared using a two-sided Mann-
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Whitney U test. Interobserver agreement between neuropathologists was measured 
using the kappa statistic.319

The optimal imaging combination in relation to tumor presence was determined in a 
generalized linear mixed model to remove between subject effects. See Supplementary 
Methods for more details. The optimal model was determined using the Akaike 
Information Criterion.303 The accuracy of imaging combinations to detect tumor 
presence was determined using receiver operating characteristic (ROC) analysis. Using 
the imaging measurements as diagnostic test and histopathological tumor presence as 
reference test, the areas under the ROC curve (AUC) with 95% confidence intervals were 
calculated (R package ‘pROC’, version 1.10.0,246). AUCs of each single imaging method 
and the optimal imaging combination were compared using a nonparametric analysis of 
clustered binary data to account for within-patient correlation.245 A leave-one-out-cross-
validation was performed to calculate prediction accuracy. 

Main analysis included patients with enhancing, defined as marked contrast 
enhancement,38 or non-enhancing, defined as none or mild contrast enhancement,44 

gliomas. Subgroup analysis was performed for patients with high- or low-grade 
gliomas, defined by diagnosis according to WHO 2016 criteria,9 IDH-wildtype or IDH-
mutant gliomas, defined by immunohistochemistry for IDH1 R132H mutant protein 
for all but one case in which the IDH-mutant status was demonstrated by methylation 
profiling, and [18F]FET positive or negative, defined as tumoral uptake not exceeding 
background activity in visual analysis, gliomas. A sensitivity analysis for non-enhancing 
gliomas including only patients with [18F]FET uptake was performed. Missing imaging 
measurements were handled by exclusion as well as by imputation.320 The results based 
on these methods were similar (Supplementary Table S1). Therefore, we present the 
analyses with exclusion of missing imaging measurements. P-values less than .05 were 
considered significant. All statistical analyses were performed using R (version 3.3.2, R 
Foundation). The study was conducted in accordance with the Standards for Reporting 
of Diagnostic Accuracy Studies statement (Supplementary Table S2).304

Probability map of tumor presence
The imaging combinations are the result of a regression analysis that used a specific 
formula to combine the mean values in the ROIs to predict tumor presence, so called 
tumor probability, which ranges from 0 to 100%. Using this formula on the complete 
images, instead of only the ROIs, a tumor probability for each voxel was calculated, 
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which resulted in a probability map of tumor presence for the whole brain. The script 
used to generate the ADC/FET probability map is provided in the Supplementary Data.

RESULTS

Twenty consecutive patients were included of 51 recruited (29 did not consent and 
two withdrew after consent). Patient characteristics are listed in Table 1. The median 
(interquartile range) duration between MR-scan and surgery was seven days (2–12) and 
between PET scan and surgery six days (1–11), respectively. Of the 174 biopsy samples, 
111 were from the 11 enhancing gliomas and 63 from the nine non-enhancing gliomas. 
Tumor was present in 129 (75%) samples, 79 (71%) samples in enhancing and 50 (79%) 
in non-enhancing gliomas. The number of patients, samples and tumor presence of the 
subgroups are detailed in Supplementary Table S3. Exemplary images with biopsy results 
are presented in Figure 1. 

Interobserver agreement between pathologists was moderate with a kappa of 0.47, and 
higher in non-enhancing, low-grade, IDH-mutant and [18F]FET negative gliomas (kappa 
0.67, 0.66, 0.61 and 0.74 respectively) than in enhancing, high-grade, IDH-wildtype 
and [18F]FET positive gliomas (kappa 0.39, 0.40, 0.39 and 0.44 respectively). No biopsy-
related complications occurred. Visual inspection showed absence of [18F]FET PET 
uptake in patients 10, 15 and 16, all with a diffuse astrocytoma, IDH-mutant. Imaging 
measurements were missing for MRSI-CNI in 36 samples from 14 patients because of 
limited coverage, for [18F]FET PET in eight samples from one patient because of tracer 
production failure, and for ASL-CBF in two samples of one patient because of image 
artifacts.

Imaging measurements in samples with and without tumor
In patients with enhancing glioma, imaging measurements for samples with tumor 
presence were significantly higher in T2w, FLAIR MRI, ADC, DSC-CBV, MRSI CNI and 
[18F]FET PET, and lower in FA, than for samples without tumor (Supplementary Figure 
S1A) In patients with non-enhancing glioma, imaging measurements for samples with 
tumor presence were significantly higher in T2w, FLAIR MRI, ADC and [18F]FET PET, and 
significantly lower in T1G MRI and FA, than for samples without tumor (Supplementary 
Figure S1B). The results of the subgroup analysis are presented in Supplementary Figure 
S1C-H.
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Modeling and validation of imaging combinations 
The optimal imaging combination with the best fit in enhancing glioma was the 
combination of ADC with [18F]FET PET (ADC/FET), while ADC with DSC-CBF (ADC/CBF) 
or DSC-CBV (ADC/CBV) had the second and third best fit. In non-enhancing glioma, 
ADC with T1G (ADC/T1G), ADC with DSC-CBF and DSC-CBV (ADC/CBF/CBV) and T2w 
with T1G (T2w/T1G) had, respectively, the best, second and third best fit. Regression 
coefficients of these imaging combinations are detailed in Supplementary Table S4. Cross 
validation prediction accuracy was highest for ADC/FET (82%) in enhancing and ADC/
T1G (88%) in non-enhancing glioma. Details of all imaging combinations, including cross 
validation accuracy are presented in Supplementary Table 5A-B, and for the subgroups in 
Supplementary Table S5C-H. The sensitivity analysis for non-enhancing gliomas including 
only patients with [18F]FET uptake did not result in optimal imaging combinations with 
[18F]FET PET. 

Diagnostic accuracy of single imaging and imaging combinations
The highest diagnostic accuracy in enhancing glioma was found for the ADC/FET (AUC, 
95%CI: 0.89, 0.79–0.99) imaging combination. In non-enhancing glioma, ADC/T1G 
diagnostic accuracy was highest (0.90, 0.85–0.96). In the subgroup analysis, highest 
accuracy in high-grade, IDH-wildtype and [18F]FET positive glioma was found for ADC/FET 
(0.89, 0.80–0.99; 0.88, 0.78–0.99; and 0.90, 0.84–0.96 respectively), while in low-grade 
and IDH-mutant glioma, diagnostic accuracy was highest for T2w/T1G (0.89, 0.79–0.99 
and 0.91, 0.82-0.99, respectively) and in [18F]FET negative glioma, ADC/FA diagnostic 
accuracy was highest (1.00, 1.00–1.00). ROC plots with the AUC of each single imaging 
and imaging combination are provided in Supplementary Figure S2. 

Comparison of diagnostic accuracy of single imaging and imaging combinations 
In enhancing glioma, the ADC/FET had a significantly higher diagnostic accuracy than 
each single imaging method, including T1G MRI and [18F]FET PET. ADC/CBF and ADC/
CBV diagnostic accuracies were not significantly higher than ADC and [18F]FET PET. There 
was no significant difference in diagnostic accuracy between the imaging combinations. 
The diagnostic accuracy of [18F]FET PET was significantly higher than T1G MRI (Figure 
2A). In non-enhancing glioma, none of the imaging combinations diagnostic accuracies 
were significantly higher than T2w or FLAIR MRI. All imaging combinations diagnostic 
accuracies were higher than [18F]FET PET. The diagnostic accuracies of T2w and FLAIR 
MRI were almost identical. FLAIR MRI diagnostic accuracy was significantly higher than 
[18F]FET PET (Figure 2B). 
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Figure 1 | Examples of imaging with corresponding histology.

Example of a 55-year-old female with right occipital enhancing glioblastoma, IDH-wildtype. 
First row: on the left a 3D reconstruction of a biopsy trajectory, aimed at peripheral sample 
locations, with the outline of the contrast enhancement in yellow. Corresponding histology 
on the right. In the following rows in-line images with the trajectory and sample locations in 
blue. Second row: standard MRI, third row: diffusion MRI, ASL and DSC CBF and final row: 

DSC CBV, [18F]FET PET and MR spectroscopic imaging. Absolute imaging measurements are 
represented in color scales. 

T1w and T2w: T1- and T2-weighted MRI, FLAIR =Fluid Attenuation Inversion Recovery 
weighted MRI, T1G: T1-weighted gadolinium-enhanced, ADC =Apparent Diffusion Coefficient 
(in 10-3 mm2/s), FA =Fractional Anisotropy (FA), DSC-CBV and DSC-CBF =Dynamic Susceptibility 
Contrast Cerebral Blood Volume and Flow, ASL-CBF =Arterial Spin Labeling Cerebral Blood 
Flow, MRSI-CNI =Magnetic Resonance Spectroscopy Imaging Cho/NAA index (concentration 
ratio in %), shown as overlay on FLAIR, [18F]FET: [18F]FET PET tumor-to-brain ratio 20–40 
minutes interval

In the subgroup analysis of high-grade, IDH-wildtype and [18F]FET PET positive glioma, 
ADC/FET diagnostic accuracy was higher than T1G MRI and [18F]FET PET, while [18F]FET 
PET diagnostic accuracy was higher than T1G MRI, except for in [18F]FET PET positive 
glioma (Figure 2C/E/G). In low-grade and IDH-mutant glioma, T2w/T1G diagnostic 
accuracy was significantly higher than T2w MRI and [18F]FET PET but not FLAIR MRI. 
The diagnostic accuracies of T2w and FLAIR MRI were almost identical. In low-grade 
glioma FLAIR MRI diagnostic accuracy and in IDH-mutant glioma both T2w and FLAIR 
MRI diagnostic accuracies were higher than [18F]FET PET (Figure 2D/F). In [18F]FET PET 
negative glioma, ADC/FA diagnostic accuracy was higher than FLAIR, but not T2w MRI 
(Figure 2H), however, due to the low number of patients and samples these results have to 
be interpreted with caution. Comparison of diagnostic accuracy of each single imaging and 
imaging combinations, including subgroup analysis, is detailed in Supplementary Table S6.

Probability map of tumor presence
Probability maps for tumor presence of the ADC/FET imaging combination in enhancing 
gliomas were constructed. These probability maps showed larger target volumes than 
standard T1G MRI and [18F]FET PET in all enhancing gliomas. We observed seemingly 
raised tumor probability in the sulci and cisterns, which is artifactual. An exemplary 
probability map for tumor presence is presented in Figure 3.



168 Chapter 9

Figure 2 | Receiver operating characteristic curves of standard MRI, [18F]FET PET and the 
optimal imaging combination. 

ROC curves with the AUC of the optimal imaging combinations in red, orange and yellow, 
standard MRI in dark and light blue and [18F]FET PET in cyan for A) enhancing, B) non-
enhancing, C) high-grade, D) low-grade, E) IDH-wildtype, F) IDH-mutant, G) [18F]FET 
PET positive and H) negative glioma. The number of patients and samples of each ROC 
analysis is displayed in the title.
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DISCUSSION

The main finding of this prospective study is that glioma infiltration in enhancing glioma 
is most accurately detected by the combination of Apparent Diffusion Coefficient and 
[18F]FET PET. The combinations of Apparent Diffusion Coefficient and DSC Cerebral Blood 
Flow or Volume are good alternatives. This is similar in high-grade, IDH-wildtype and 
[18F]FET PET positive gliomas. These imaging combinations potentially guide surgical 
resection and irradiation better than standard MRI and [18F]-FET PET. 

The few studies that looked into imaging combinations to detect glioma infiltration all 
concluded that imaging combinations had a higher diagnostic accuracy than standard 
MRI.54,311-316 Interestingly, all studies with amino acid PET, each with a majority of 
enhancing gliomas, included PET in their optimal imaging combination.54,311,312 This is 
similar to our findings, although none of these studies included both amino acid PET and 
ADC. ADC, or mean diffusivity, was included in the optimal imaging combination of all 
but one study looking into diffusion imaging.313,315,316 This could be due to the reported 
correlation between ADC and glioma cellularity,72 although other studies did not find this 
correlation.73 The study that did not include ADC in the optimal imaging combination, 
aimed to identify the higher cellular tumor core, rather than tumor infiltration.314 The 
use of perfusion weighted imaging (PWI) as alternative for [18F]FET PET is in line with 
the literature, since all studies with PWI included a perfusion metric in their optimal 
model.312-314,316 There are no studies reporting imaging combinations solemnly for non-
enhancing glioma, however, one study with a majority of low-grade gliomas reported 
diffusion based metrics as most accurate for the discrimination between infiltration, 
edema and normal tissue.316 In our study, [18F]FET PET was not found to be a component 
of the optimal imaging combinations for non-enhancing glioma and [18F]FET PET 
diagnostic accuracy was lower than of FLAIR MRI, even after removing patients without 
[18F]FET uptake.

These findings contradict the current RANO recommendations,121 which were based 

on multiple studies of which two investigated [11C]MET or [18F]FET PET. Pauleit et al. 
obtained 15 samples in 7 grade II glioma patients, resulting in a 100% sensitivity and 
91% specificity using [18F]FET PET.54 Since all samples were acquired from regions with 
abnormal MRI and/or [18F]FET PET signal, no false negative samples were obtained, 
in contrast to our study, explaining the higher sensitivity. Kracht et al. reported a 25% 
underestimation of tumor extent based on 26 samples in 5 grade II astrocytoma patients, 
using [11C]MET PET, which is in line with our results.321 
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Figure 3 | Probability map of tumor presence.

A) [18F]FET PET, ADC, T1G MRI and a tumor probability map of the ADC/FET imaging combination 
for patient 20 (a 51-year-old male patient with a left central enhancing glioblastoma, IDH 
wildtype). The white arrows indicate a sample location with the corresponding histology on 
the right. Seemingly raised tumor probability in the sulci and cisterns of the probability map of 
tumor presence is artifactual. B) Example of the interpretation of the ROC curve of the ADC/
FET imaging combination. Left: ROC curve of ADC/FET imaging combination in enhancing 
glioma with three exemplary probabilities with corresponding sensitivity and specificity in 
green, yellow and red. Center: T1G MRI with tumor delineations according to probabilities 
from the ROC curve for patient 20; Right: Tables of true positive (TP), false negative (FN), 
true negative (TN) and false positive (FP) samples (n=9) of patient 20, according to the 
probabilities of the ROC curve. 

Both ADC/CBF and ADC/CBV could serve as alternatives for ADC/FET in enhancing 
gliomas, which is important in case of limited access to [18F]FET PET or limited resources. 
Still, we argue for the use ADC/FET due to several reasons. First, ADC/CBF and ADC/
CBF AUCs were not significantly higher than single [18F]FET PET and ADC in enhancing 
gliomas. Second, single DSC-CBF and DSC-CBV had lower, although not significant, 
diagnostic accuracies than single [18F]FET PET, which is in line with a study reporting 
larger tumor volumes for [18F]FET PET than DSC-CBV.322 Finally, a recent meta-analysis 
found considerable heterogeneity in PWI acquisition and post-processing.323 This is in 
contrast to amino acid PET, which has European procedure guidelines.252 

Better detection of glioma infiltration will probably result in larger target tumor volumes 
for surgery and radiotherapy and may extend into critical brain structures. Therefore, 
considerations for the balance between maximal cytoreduction and preservation of 
critical brain functions are essential,324 highlighting the need to localize critical brain 
structures. In surgery, intraoperative stimulation mapping (ISM) is the standard to 
localize functionally-critical brain structures to avoid permanent severe neurologic 
deficits.90 In radiotherapy, guidelines recommend sparing of brainstem, chiasm, cochlea, 
eyes, lacrimal glands, lens, optical nerves and pituitary, but so far do not recommend 
sparing of functionally-critical cortical and subcortical brain structures.44 A relatively new 
concept in radiotherapy is the use of functional MRI and DTI-fiber tracking to identify 
critical structures and adjust target volumes.325 
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Diffuse glioma is characterized by extensive infiltration in the brain with diminishing 
percentages of cancer cells from tumor core to normal brain.4,326 This gradual cellular 
infiltration is notoriously difficult to detect by imaging. The ideal imaging method should 
quantify the fraction of glioma cells per tissue volume throughout the brain for better 
local treatment decisions. In essence this would provide a measure of so-called ‘tumor 
purity’. Tumor purity cannot even be unambiguously quantified in histological sections 
of samples, which were used as reference in the current study. Single cell transcriptional 
analysis is promising in this respect, although a limited tissue volume can be sampled.327 

Alternatively, imaging combinations can be used to calculate the probability of tumor 
presence for each voxel, thereby creating a probability map of tumor presence for the 
whole brain as shown in Figure 3. This provides a 3D landscape of glioma cell fractions 
instead of current oversimplifying attempts towards binary segmentations of tumor 
and normal brain. This probability map of tumor presence could guide surgery and 
irradiation, since it allows the surgeon to select a threshold for surgical decisions and the 
radiation oncologist to apply dose painting planning and treatment. 

The clinical benefit of local treatment guided by the combination of Apparent Diffusion 
Coefficient and [18F]FET PET should be addressed in future studies. For instance, as a 
randomized controlled trial comparing ADC/FET and current standard imaging to guide 
surgery and radiotherapy in enhancing gliomas. External validation of this study could 
be achieved with different study designs in combination with the provided script to 
generate ADC/FET probability maps. 

Limitations of this study include the potential for selection bias, because patients with 
rapid clinical progression and priority surgical scheduling were not included. Furthermore, 
some imaging measurements were missing for MRSI CNI due to the restricted field of 
view. We selected a spatial resolution of 1cm3 for imaging measurements in an effort 
to reduce noise, but this may be lower than required for local treatment decisions. 
Although cross-validation demonstrated high prediction accuracies, performance in 
other datasets could differ from ours. We observed quite some interobserver variation 
between the expert neuropathologists. This can be explained by the difficulty to discern 
normal brain samples from samples with few glioma cells as required for this study and 
does not represent the accuracy of histopathological diagnosis in clinical practice. Use 
of immunohistochemistry for IDH1 R132H mutant protein would have introduced a bias 
due to the difference in assessment of IDH-wildtype and IDH-mutant gliomas. Finally, 
the probability maps of tumor presence have artifacts in sulci and cisterns. This is due 
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to the high [18F]FET PET signal in large blood vessels, a known limitation of [18F]FET PET 
due to high blood concentration the first hour after injection,328 and high ADC signal of 

cerebrospinal fluid in the sulci and cisterns.

CONCLUSION

The imaging combination of Apparent Diffusion Coefficient and [18F]FET PET is more 
accurate to detect glioma infiltration than standard MRI in enhancing gliomas. Local 
treatment in enhancing gliomas by neurosurgery and radiotherapy can be optimized by 
guidance of this imaging combination.
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Supplementary Figure S1 (page 174) | Mean imaging intensities normal and tumor samples

Box- and jitterplot of imaging intensities of normal and tumor sample with two-sided Mann-
Whitney U test p values for A) Enhancing, B) non-enhancing, C) high-grade, D) low-grade, E) 
IDH-wildtype, F) IDH-mutant, G) [18F]FET PET positive and H) [18F]FET PET glioma. 

T1w and T2w =T1- and T2-weighted MRI, FLAIR =Fluid Attenuation Inversion Recovery 
weighted MRI, T1G =T1-weighted gadolinium-enhanced, ADC =Apparent Diffusion Coefficient, 
FA =Fractional Anisotropy, DSC-CBV and DSC-CBF =Dynamic Susceptibility Contrast Cerebral 
Blood Volume and Flow, ASL-CBF =Arterial Spin Labeling Cerebral Blood Flow, MRSI CNI 
=Magnetic Resonance Spectroscopy Imaging Cho/NAA index, 18F-FET =18F-FET PET tumor-to-
brain ratio.

Supplementary Figure S2 (page 176) | ROC curves of each image sequence and optimal 
imaging combinations.

ROC curves of each image sequence and optimal imaging combinations with AUC for A) 
Enhancing, B) non-enhancing, C) high-grade, D) low-grade, E) IDH-wildtype, F) IDH-mutant, 
G) [18F]FET PET positive and H) [18F]FET PET glioma

AUC =area under the receiver operating characteristic curve, T1w and T2w =T1- and T2-
weighted MRI, FLAIR =Fluid Attenuation Inversion Recovery weighted MRI, T1G =T1-weighted 
gadolinium-enhanced, ADC =Apparent Diffusion Coefficient, FA =Fractional Anisotropy, DSC-
CBV and DSC-CBF =Dynamic Susceptibility Contrast Cerebral Blood Volume and Flow, ASL-CBF 
=Arterial Spin Labeling Cerebral Blood Flow, MRSI CNI =Magnetic Resonance Spectroscopy 
Imaging Cho/NAA index, 18F-FET =18F-FET PET tumor-to-brain ratio and ADC/FET combination 
of Apparent Diffusion Coefficient and 18F-FET PET tumor-to-brain ratio.
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SUPPLEMENTARY METHODS

MRI protocol
1. Sagittal 3D FLAIR sequence (TR (repetition time)/TE (echo time)/TI (inversion time) 

4800/279/1650ms, acquired voxel size 1.12 × 1.12 × 1.12mm, reconstructed voxel 
size 1.04 × 1.04 × 0.56mm).

2. 2D T1-weighted images (TR/TE 600/10ms) were obtained with 28 slices in oblique 
transverse orientation, acquired and reconstructed voxel size 0.5 × 0.5 × 5mm.

3. 2D T2-weighted images (TR/TE 2800/85ms) were obtained with 28 slices in oblique 
transverse orientation, acquired and reconstructed voxel size 0.5 × 0.5 × 5mm.

4. 2D diffusion tensor echo-planar images (TR/TE 8000/90 ms, b-value 0 (6 averages) 
and 900s/mm2 (32 directions), 60 slices in oblique transverse orientation, acquired 
and reconstructed voxel size 2 × 2 × 2 mm. Parallel imaging factor 2. 

5. 2D ASL (arterial spin labeling images) 23 transverse slices (TR/TE 4000/14ms, post-
label delay 1525 ms, acquired and reconstructed voxel size 3 × 3 × 5mm, parallel 
imaging factor 2.5. A total of 60 volumes was acquired. Automatic calculation of 
ASL-CBF.

6. Multislice 2D spectroscopic imaging using spin-echo with outer-volume suppression 
(TR/TE 3800/20ms), of 3 manually placed oblique transverse slices of 10mm with 
2mm gap, acquired voxel size 10 × 10 × 10mm. 

7. 2D dynamic susceptibility contrast (perfusion) echo-planar images (TR/TE 1900/30 
ms). After a pre-bolus injection of 0.1ml/kg body weight Dotarem, 3 minutes prior to 
this sequence, 31 slices were obtained in oblique transverse orientation, acquired and 
reconstructed voxel size 1.7x1.7x4 mm, parallel imaging factor 2. The DSC sequence 
started with 10 volumes baseline, followed by a bolus injection of 0.1 ml/kg body 
weight Dotarem, and a total number of 40 volumes. Automatic calculation of DSC-
CBF and DSC-CBV.

8. Sagittal 3D T1-weighted gadolinium-enhanced (T1G) sequence (TR/TE/TI/flip angle 
7/3/950ms/12°, acquired voxel size 0.98 × 0.98 × 1.0mm, reconstructed voxel size 
0.89 × 0.89 × 1.0mm).

Image processing 
DTI images were analyzed with tools from FSL (FMRIB Software Library, version 5.0.9). 
Images were corrected for motion and eddy currents, and the diffusion tensor was 
calculated using dtifit, resulting in maps of ADC and FA.



539689-L-bw-Verburg539689-L-bw-Verburg539689-L-bw-Verburg539689-L-bw-Verburg
Processed on: 2-1-2020Processed on: 2-1-2020Processed on: 2-1-2020Processed on: 2-1-2020 PDF page: 178PDF page: 178PDF page: 178PDF page: 178

178 Chapter 9

MR spectra were analyzed with LCModel, using a basis set of simulated metabolites. 
Because of interference of lipid signals in case of insufficient suppression, spectra were 
analyzed in the chemical shift range from 1.8–4.0ppm. Spectral quality was defined 
using Cramer-Rao lower bounds (CRLB) of Cr, Cho and NAA, and FHWM. Automatic 
removal was performed for spectra in which at least 2 quality parameters were above a 
pre-defined threshold: thus for spectra with FWHM>0.1 ppm and CRLB of at least one 
of the three metabolites >10%, and for spectra with CRLB of at least two of the three 
metabolites >10% (thus NAA and Cho, or NAA and Cr, or Cr and Cho). 

PET protocol
The patients were required to fast at least 4 hours before undergoing the imaging 
protocol. 18F-FET dynamic PET scans were acquired in list mode on either a Gemini TF-64 
PET/CT or an Ingenuity TF PET/CT (Philips Healthcare, Best, the Netherlands), both EARL 
accredited. Each scan started with a low dose computed tomography (CT) scan (30mAs, 
120kVp) for attenuation and scatter correction purposes. After an intravenously injected 
bolus of 200 MBq 18F-FET a 90 minute dynamic scan was acquired. The line-of-response 
row-action maximum likelihood algorithm was used for reconstruction the dynamic 
scans with an isotropic voxel size of 2mm into 22 time frames (1 × 15, 3 × 5, 3 × 10, 4 × 60, 
2 × 150, 2 × 300, 7 × 600 s). The spatial resolution ~5mm full-width at half-maximum. 
Each scan was checked and corrected for movement, if necessary, using the method 
earlier described.329 A spherical reference region with a radius of 14mm was placed in 
the middle of the contralateral homologous brain region. Maps of tumor-to-background 
brain ratio (TBR), using the reference region, were calculated for intervals 20–40, 40–60 
and 60–90 minutes.

Generalized linear mixed model
Assumptions for a generalized linear mixed model with binomial distribution were 
met,330 therefore a logit-linked generalized linear mixed model (R package ‘lme4’, version 
1.1–13,331) with variable selection was performed for tumor presence as binary outcome 
measure with patient identification as random effect and centered and scaled imaging 
measurements as fixed effects.

Variable selection for generalized linear mixed model
Variable selection on multivariable stepwise analysis was done by L1-penalized 
estimation (LASSO), which shrinks the coefficients of the variables per a penalty 
parameter (lambda). The optimal lambda’s were visually assessed by plotting the Akaike 
information criterion (AIC) against the lambda’s for diffuse gliomas (R package ‘lmmen’, 
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version 1.0). The highest lambda with the lowest AIC represents the best fit for a model. 
The number variables for the optimal lambda’s were derived with a least absolute 
shrinkage and selection operator (R package ‘glmmLasso’, version 1.5.1). This resulted in 
a maximum of three variables. 

Supplemental Table S1 | Model fit and accuracy of imaging combinations with missing values 
handled with exclusion and with imputation.

Exclusion Imputation

Variable 
1

Variable 
2

Variable 
3

AIC AUC Variable 1 Variable 
2

Variable 
3

AIC AUC

Round 1

ADC 18F-FET  150 0.90 ADC 18F-FET  165 0.87

ADC DSC-CBF  155 0.87 ADC DSC-CBV  169 0.84

ADC DSC-CBV  156 0.86 ADC DSC-CBF  169 0.85

T2w 18F-FET  161 0.87 T1G ADC  175 0.84

T1w FA ASL-CBF 165 0.85 T2w 18F-FET  177 0.85

FA 18F-FET  166 0.85 FA 18F-FET  182 0.82

T2w FA  168 0.84 T2w FA  183 0.82

T1w 18F-FET  172 0.83 T1w T2w FA 185 0.82

T1w T2w FLAIR 176 0.82 T1w 18F-FET  185 0.80

T1w FLAIR  183 0.79 T1w FLAIR  195 0.76

Round 2

ADC 18F-FET  166 0.87

ADC DSC-CBV  169 0.84

ADC DSC-CBF  169 0.85

T1G ADC  175 0.84

T2w 18F-FET  178 0.84

T2w FA  183 0.82

FA 18F-FET  183 0.82

T1w T2w FA 185 0.82

T1w 18F-FET  186 0.80

T1w FLAIR  195 0.76

Round 3

ADC 18F-FET  167 0.87

ADC DSC-CBV  169 0.84

ADC DSC-CBF  169 0.85

T1G ADC  175 0.84

T2w 18F-FET  179 0.84

T2w FA  183 0.82



539689-L-bw-Verburg539689-L-bw-Verburg539689-L-bw-Verburg539689-L-bw-Verburg
Processed on: 2-1-2020Processed on: 2-1-2020Processed on: 2-1-2020Processed on: 2-1-2020 PDF page: 180PDF page: 180PDF page: 180PDF page: 180

180 Chapter 9

Exclusion Imputation

Variable 
1

Variable 
2

Variable 
3

AIC AUC Variable 1 Variable 
2

Variable 
3

AIC AUC

FA 18F-FET  184 0.82

T1w T2w FA 185 0.82

T1w 18F-FET  187 0.79

T1w FLAIR  195 0.76

Round 4

ADC 18F-FET  164 0.88

ADC DSC-CBV  169 0.84

ADC DSC-CBF  169 0.85

T1G ADC  175 0.84

T2w 18F-FET  175 0.85

FA 18F-FET  181 0.83

T2w FA  183 0.82

T1w 18F-FET  184 0.81

T1w T2w FA 185 0.82

T1w FLAIR  195 0.76

Round 5

ADC 18F-FET  166 0.87

ADC DSC-CBV  169 0.84

ADC DSC-CBF  169 0.85

T1G ADC  175 0.84

T2w 18F-FET  177 0.84

T1w FA 18F-FET 182 0.83

FA 18F-FET  183 0.82

T2w FA  183 0.82

T1w T2w FA 185 0.82

T1w 18F-FET  187 0.80

T1w FLAIR  195 0.76

Results of the multivariable logistic regression with missing data handled with exclusion 
and with imputation. Imputation of missing data was conducted using chained equations 
(R package ‘MICE’, version 3.3.0) with five round of imputations. Fitness of the model 
was assessed using the Akaike Information Criterion. Diagnostic accuracy to detect 
tumor presence in diffuse glioma was assessed with ROC analyses. 
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Supplementary Table S2 | Updated List of Essential Items for Reporting Diagnostic Accuracy 
Studies.

Section & Topic No Item Reported on 
page #

TITLE OR 
ABSTRACT

1 Identification as a study of diagnostic accuracy using at least 
one measure of accuracy 
(such as sensitivity, specificity, predictive values, or AUC)

1

ABSTRACT

2 Structured summary of study design, methods, results, and 
conclusions  
(for specific guidance, see STARD for Abstracts)

5,6

INTRODUCTION

3 Scientific and clinical background, including the intended use 
and clinical role of the index test

7,8

4 Study objectives and hypotheses 8

METHODS

Study design 5 Whether data collection was planned before the index test 
and reference standard were performed (prospective study) 
or after (retrospective study)

8

Participants 6 Eligibility criteria 8

7 On what basis potentially eligible participants were identified  
(such as symptoms, results from previous tests, inclusion in 
registry)

8

8 Where and when potentially eligible participants were 
identified (setting, location and dates)

8

9 Whether participants formed a consecutive, random or 
convenience series

12

Test methods 10a Index test, in sufficient detail to allow replication 9,10

10b Reference standard, in sufficient detail to allow replication 9,10

11 Rationale for choosing the reference standard  
(if alternatives exist)

10

12a Definition of and rationale for test positivity cut-offs or result 
categories of the index test, distinguishing pre-specified from 
exploratory

11

12b Definition of and rationale for test positivity cut-offs or  
result categories of the reference standard, distinguishing 
pre-specified from exploratory

10

13a Whether clinical information and reference standard results 
were available to the performers/readers of the index test

10
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Section & Topic No Item Reported on 
page #

13b Whether clinical information and index test results were 
available to the assessors of the reference standard

10

Analysis 14 Methods for estimating or comparing measures of diagnostic 
accuracy

11

15 How indeterminate index test or reference standard results 
were handled

11

16 How missing data on the index test and reference standard 
were handled

11

17 Any analyses of variability in diagnostic accuracy, 
distinguishing pre-specified from exploratory

11

18 Intended sample size and how it was determined in ref 25

RESULTS

Participants 19 Flow of participants, using a diagram 12 in text

20 Baseline demographic and clinical characteristics of 
participants

12, Table 1

21a Distribution of severity of disease in those with the target 
condition

12, Supp. 
Table S3

21b Distribution of alternative diagnoses in those without the 
target condition

all diffuse 
gliomas

22 Time interval and any clinical interventions between index 
test and reference standard

12

Test results 23 Cross tabulation of the index test results (or their 
distribution) by the results of the reference standard

in ROC 
curves 

Figure 2 , 
Supp. Figure 

S2

24 Estimates of diagnostic accuracy and their precision (such as 
95% confidence intervals)

14, Supp. 
Figure S2

25 Any adverse events from performing the index test or the 
reference standard

12,13

DISCUSSION

26 Study limitations, including sources of potential bias, 
statistical uncertainty, and generalizability

19

27 Implications for practice, including the intended use and 
clinical role of the index test

18,19

OTHER 
INFORMATION

28 Registration number and name of registry 9

29 Where the full study protocol can be accessed 8

30 Sources of funding and other support; role of funders 20
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Supplementary Table S3 | Number of patients, samples and tumor presence in the subgroups.

Patients  
n(%)

Samples  
total n(%)

Samples  
tumor n(%)

Samples 
normal n(%)

High-grade glioma 12 (60%) 118 (68%) 86 (73%) 32 (27%)

Low-grade glioma 8 (40%) 56 (32%) 43 (77%) 13 (23%)

IDH wildtype glioma 10 (50%) 98 (56%) 72 (73%) 26 (27%)

IDH mutant glioma 10 (50%) 76 (44%) 57 (75%) 19 (25%)

[18F]FET PET positive glioma* 16 (84%) 149 (90%) 113 (76%) 36 (24%)

[18F]FET PET negative glioma* 3 (16%) 17 (10%) 11 (65%) 6 (35%)

* Total is 19 since one patient did not have a [18F]FET PET

Supplementary Table S4 | Regression models for optimum imaging combinations in 
enhancing and non-enhancing glioma.

 Imaging 
combination

Fixed  
effects

Estimate Standard 
Error

P-value

A) Enhancing glioma ADC/FET (Intercept) 1.5261 0.4932 0.002

ADC 1.4195 0.469 0.002

[18F]FET 1.2369 0.3801 0.001

ADC/CBF (Intercept) 1.5916 0.4109 <0.001

ADC 1.6775 0.4605 <0.001

DSC-CBF 1.7217 0.6475 0.008

ADC/CBV (Intercept) 1.3966 0.3704 <0.001

ADC 1.4888 0.434 0.001

DSC-CBV 0.9816 0.4206 0.020

B) Non-enhancing 
glioma

ADC/T1G (Intercept) 2.9387 0.8303 <0.001

ADC 2.4949 1.0047 0.013

T1G 1.0241 0.5172 0.048

ADC/CBF/CBV (Intercept) 3.911 1.189 0.001

ADC 4.226 1.4 0.003

DSC-CBF 3.039 1.287 0.018

DSC-CBV -4.281 1.974 0.030

T2w/T1G (Intercept) 2.4285 0.691 <0.001

T2w 1.4058 0.6344 0.027

T1G 1.1589 0.5163 0.025
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Supplementary Table S5 | Imaging combinations with corresponding diagnostic accuracy, 
fitness and validation precision.

Variable 
1

Variable 
2

Variable 3  
(if applicable)

AUC AIC LOOCV AUC

A) Enhancing 
glioma

T1w T1G 0.75 122.7 0.60

T2w DSC-CBF 0.80 115.0 0.71

FLAIR DSC-CBV 0.78 114.6 0.75

FLAIR DSC-CBF 0.77 113.7 0.73

ADC FA 0.83 113.4 0.72

FLAIR FET 0.82 109.5 0.75

T2w FET 0.85 107.9 0.77

FA FET 0.86 107.4 0.77

ADC DSC-CBV 0.84 106.7 0.77

ADC DSC-CBF 0.85 102.9 0.78

ADC FET 0.89 98.8 0.82

B) Non-enhancing 
glioma

T2w T1G 0.89 53.0 0.82

ADC DSC-CBF DSC-CBV 0.90 49.1 0.83

T1G ADC 0.90 48.5 0.88

C) High-grade 
glioma

T2w DSC-CBF 0.79 119.0 0.76

FLAIR DSC-CBF 0.82 118.9 0.72

ADC DSC-CBF 0.76 118.4 0.73

FLAIR DSC-CBV 0.86 112.9 0.77

ADC DSC-CBV 0.87 111.6 0.78

T2w FET 0.85 110.9 0.78

ADC FET 0.86 107.4 0.78

FA FET 0.90 104.0 0.82

D) Low-grade 
glioma

T2w T1G  0.89 50.5 0.80

E) IDH-wildtype 
glioma

T2w DSC-CBF 0.79 108.7 0.74

FLAIR DSC-CBF 0.82 107.9 0.72

ADC DSC-CBF 0.83 107.7 0.73

FA DSC-CBF 0.76 107.4 0.69

FLAIR DSC-CBV 0.84 105.9 0.73
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Variable 
1

Variable 
2

Variable 3  
(if applicable)

AUC AIC LOOCV AUC

ADC DSC-CBV 0.85 103.1 0.76

FA DSC-CBV 0.85 99.4 0.77

ADC FET 0.89 97.6 0.80

F) IDH-mutant 
glioma

DSC-CBF FET 0.82 68.6 0.78

T1w T2w FET 0.90 60.0 0.80

T1G FA 0.89 59.2 0.85

T2w T1G 0.91 56.3 0.84

G) FET positive 
glioma

T2w FLAIR 0.80 152.2 0.74

ADC DSC-CBF 0.80 151.5 0.72

FLAIR DSC-CBV 0.86 145.6 0.77

ADC DSC-CBV 0.87 143.7 0.77

T2w FET 0.87 143.5 0.78

FLAIR FET 0.86 139.5 0.79

ADC FET 0.87 137.0 0.79

FA FET 0.90 133.0 0.82

H) FET negative 
glioma

ADC FA 1.00 12.7 NA
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SUPPLEMENTAL DATA

#!/bin/bash
#############################################

# Title:  ADC/FET probability map script
# Date:  August 28, 2019
# Author:  Verburg, N
###########################################

############### INSTRUCTIONS ##############
# Purpose of script is creation of ADC/FET probability map according to Verburg et al. 
Neuro-Oncology 2019
# In order to create ADC/FET probability map the following images in Nifti format are 
needed:

#  - 3D T1 contrast-enhanced MRI
#  - 3D FLAIR
#  - FET PET 20-40 SUV ratio
#  - Apparent Diffusion Coefficient (ADC)
# In order to run the script the following software is needed:
#  - FSL (version 6.01)
# All images in between original and probability map are saved in order to check for 
errors

############################################

############### 1) ASSIGN VARIABLES ###########
T1G= #fill in path to 3D T1 contrast-enhanced MRI
FLR= #fill in path to 3D FLAIR
FET= #fill in path to FET PET
ADC= #fill in path to ADC
out= #fill in path to output folder images
out_omat= #fill in path to output folder registration matrices
############### 2) Linear registration of FLAIR and FET on T1G ###########
# A) FLAIR 
flirt -in $FLR -ref $T1G -out “$out”FLR_reg.nii.gz -omat “$out_omat”FLRTT1G.mat -bins 
256 -cost corratio -searchrx -90 90 -searchry -90 90 -searchrz -90 90 -dof 12 -interp 
trilinear

# B) FET

http://nii.gz/
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flirt -in $FET -ref $T1G -out “$out”FET_reg.nii.gz -omat “$out_omat”FETTT1G.mat -bins 
256 -cost corratio -searchrx -90 90 -searchry -90 90 -searchrz -90 90 -dof 12 -interp 
trilinear

# C) assign new variables
FLR_reg=”$out”FLR_reg.nii.gz
FET_reg=”$out”FET_reg.nii.gz
############### 3) Brain extract T1G and FET ###########
# A) Create binary mask of brain from T1G
bet $T1G “$out”T1G_bet_mask.nii.gz -m 
# B) Assign variable
brain=”$out”T1G_bet_mask.nii.gz
# C) Brain extract FET 
fslmaths $FET_reg -mul $brain “$out”FET_bet.nii.gz
# D) Assign variable
FET_bet=”$out”FET_bet.nii.gz
############### 4) Linear registration of ADC on brain extracted T1G ###########
# A) Register ADC en T1G
epi_reg -v --epi=$ADC --t1=$T1G --t1brain=$brain --out=”$out”ADC_reg.nii.gz
# B) Assign variable
ADC_reg=”$out”ADC_reg.nii.gz
############### 5) Smoothing of FET and ADC to 10x10x10mm (ROI used in study) 
###########

# A) convert all voxels to mean of surrounding 1cm3 ROI
fslmaths $ADC_reg -kernel box 10 -fmean “$out”ADC_mean.nii.gz
fslmaths $FET_reg -kernel box 10 -fmean “$out”FET_mean.nii.gz
# B) Assign variable
ADC_mean=”$out”ADC_mean.nii.gz
FET_mean=”$out”FET_mean.nii.gz
############### 6) zero all voxels outside brain ###########
# A) zero voxels
fslmaths $ADC_mean -mul $brain “$out”ADC_zero.nii.gz
fslmaths $FET_mean -mul $brain “$out”FET_zero.nii.gz
# B) Assign variable
ADC_zero=”$out”ADC_zero.nii.gz
FET_zero=”$out”FET_zero.nii.gz
############### 7) normalize images (center and scale) ###########

http://nii.gz/
http://nii.gz/
http://nii.gz/
http://nii.gz/
http://nii.gz/
http://nii.gz/
http://nii.gz/
http://nii.gz/
http://nii.gz/
http://nii.gz/
http://nii.gz/
http://nii.gz/
http://nii.gz/
http://nii.gz/
http://nii.gz/
http://nii.gz/
http://nii.gz/
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# A) normalize ADC
mean=$(fslstats $ADC_zero -M)
fslmaths $ADC_zero -sub $mean $ADC_center
sd=$(fslstats $ADC_center -S)
fslmaths $ADC_center -div $sd “$out”ADC_norm.nii.gz
# B) normalize FET
mean=$(fslstats $FET_zero -M)
fslmaths $FET_zero -sub $mean $FET_center
sd=$(fslstats $FET_center -S)
fslmaths $FET_center -div $sd “$out”FET_norm.nii.gz
# C) Assign variable
ADC_norm=”$out”ADC_norm.nii.gz
FET_norm=”$out”FET_norm.nii.gz
############### 8) apply formula from regression analysis ###########
# A) formula= 1.5261 + 1.4195*ADC + 1.2369*FET
fslmaths $ADC_norm -mul 1.4195 $ADC_mul
fslmaths $FET_norm -mul 1.2369 $FET_mul
fslmaths $ADC_norm -add $FET_norm -add 1.5261 “$out”ADC_FET.nii.gz
# B) Assign variable
$ADC_FET=”$out”ADC_FET.nii.gz
############### 9) transform logg-odds in probability ###########
# A) exp(x)/(1+exp(x))
fslmaths $ADC_FET -exp $ADC_FET_exp
fslmaths $ADC_FET -exp -add 1 $ADC_FET_exp1
fslmaths $ADC_FET_exp -div $ADC_FET_exp1 “$out”ADC_FET_prob.nii.gz
# B) Assign variable
$ADC_FET_prob=”$out”ADC_FET_prob.nii.gz
############### 10) remove CSF and create definitive ADC/FET probability map 
###########

# A) create binary mask of CSF with FLAIR 
# -thr value might need adjustment according to voxel values
fslmaths $FET_reg -thr 750 -bin $CSF
# B) remove CSF from probability map 
fslmaths $ADC_FET_prob -mul $CSF $ADC_FET_prob_nocsf 
# C) remove voxel values outside brain due to removal of CSF
# $ADC_FET_def is definitive probability map
fslmaths $ADC_FET_prob_nocsf -mul $brain “$out”ADC_FET_def 

http://nii.gz/
http://nii.gz/
http://nii.gz/
http://nii.gz/
http://nii.gz/
http://nii.gz/
http://nii.gz/
http://nii.gz/
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