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Abstract

Background Following brain cancer treatment, the capacity of anatomical MRI to differentiate neoplastic tissue from treatment-
related changes (e.g., pseudoprogression) is limited. This study compared apparent diffusion coefficients (ADC) obtained by
diffusion-weighted MRI (DWI) with static and dynamic parameters of O-(2-['*F]fluoroethyl)-L-tyrosine (FET) PET for the
differentiation of treatment-related changes from tumour progression.

Patients and methods Forty-eight pretreated high-grade glioma patients with anatomical MRI findings suspicious for progression
(median time elapsed since last treatment was 16 weeks) were investigated using DWI and dynamic FET PET. Maximum and mean
tumour-to-brain ratios (TBR.x, TBRean) as well as dynamic parameters (time-to-peak and slope values) of FET uptake were
calculated. For mean ADC calculation, regions-of-interest analyses were performed on ADC maps calculated from DWI coregistered
with the contrast-enhanced MR image. Diagnoses were confirmed neuropathologically (21%) or clinicoradiologically. Diagnostic
performance was evaluated using receiver-operating-characteristic analyses or Fisher’s exact test for a combinational approach.
Results Ten of 48 patients had treatment-related changes (21%). The diagnostic performance of FET PET was significantly higher
(threshold for both TBR,,,,x and TBR,c.n, 1.95; accuracy, 83%; AUC, 0.89 +0.05; P <0.001) than that of ADC values (threshold
ADC, 1.09 x 10> mm%/s; accuracy, 69%; AUC, 0.73 £0.09; P=0.13). The addition of static FET PET parameters to ADC values
increased the latter’s accuracy to 89%. The highest accuracy was achieved by combining static and dynamic FET PET parameters
(93%). Moreover, in contrast to ADC values, TBRs <1.95 at suspected progression predicted a significantly longer survival (P =0.01).
Conclusions Data suggest that static and dynamic FET PET provide valuable information concerning the differentiation of early
treatment-related changes from tumour progression and outperform ADC measurement for this highly relevant clinical question.
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Introduction

Following local or systemic treatment options, the differenti-
ation of tumour progression from treatment-related changes
remains challenging despite its paramount clinical relevance.
Here, standard contrast-enhanced MRI provides low specific-
ity only [1-5]. Misjudging treatment-related changes as tu-
mour progression may lead to a premature discontinuation
of an effective treatment with a potentially negative impact
on survival and an overestimation of the efficacy of the sub-
sequent treatment [6]. The latter may also generate misleading
results in studies evaluating salvage therapies [7].

Contrast-enhanced MRI is the method of choice for evalu-
ating patients with primary brain tumours including gliomas
and meningiomas as well as for secondary brain tumours such
as brain metastases. This technique is widely available and
provides an excellent spatial resolution, but its specificity is
low, resulting in clinically important diagnostic challenges
[2-5]. MRI signal changes (e.g., newly diagnosed contrast-
enhancing lesions or an increase of the extent of contrast en-
hancement, signal alterations on T2/FLAIR sequences) may
be related to ischemia, infection or neuroinflammation, demy-
elination, or treatment-related effects, i.e., reactive changes
early after neurosurgery, radiotherapy, chemoradiation, sys-
temic drug treatment including immunotherapy. All these
changes can be difficult to distinguish from “true” tumour
progression.

To overcome the limitations of conventional MRI, several
efforts in the field of neuroimaging have been undertaken. For
example, apparent diffusion coefficients (ADC) calculated
from diffusion-weighted MRI (DWI) have been used to dis-
tinguish tumour progression from treatment-related changes
[8—14]. In general, higher ADC values are consistent with
treatment-related changes, most likely representing
posttherapeutic extracellular edema, whereas lower ADC
values are suspicious for neoplastic tissue [9, 13, 15-17]. A
visual assessment of DWI hyperintensity associated with low
ADC values may indicate active tumour tissue [15]. However,
the results derived from the existing body of literature remain
controversial. Several studies suggest that ADC values may be
helpful for the differentiation between treatment-related
changes and tumour progression [8, 13, 17, 18], whereas other
studies reported a relatively poor diagnostic performance
[9-12, 16, 19]. Furthermore, various DWI methods have been
used and a considerable variability of optimal thresholds has
been reported [8—13, 16, 17].

In recent years, PET using radiolabeled amino acids has
become a valuable diagnostic tool for various indications in
patients with brain tumours (e.g., delineation of tumour extent,
assessment of treatment response, prognostication in patients
with newly diagnosed gliomas). In particular, the high diag-
nostic value of amino acid PET compared to anatomical MRI
for the differentiation of tumour progression from treatment-
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related changes has been reported in patients with glioma,
meningioma and brain metastasis [1, 20-23]. Moreover, the
Response Assessment in Neuro-Oncology (RANO) working
group has recently recommended the use of amino acid PET
imaging for glioma management in addition to conventional
MRI at every disease stage [24, 25].

Regarding the clinically essential assessment of treatment-
related changes, the number of available studies that directly
compare two advanced imaging modalities remain scarce
[26]. Thus, we here compared the diagnostic performance of
ADC values with static and dynamic FET PET parameters for
the differentiation of tumour progression from treatment-
related changes in patients with malignant glioma.

Patients and methods
Patients and treatment

We retrospectively assessed data from 48 patients (mean age,
50+ 15 years; age range, 20-83 years; 19 women and 29 men)
with neuropathologically confirmed malignant glioma
(Table 1). The data had been acquired from 2012 to 2018.
All patients exhibited a newly diagnosed contrast-enhancing
lesion or an enlargement of a preexisting contrast-enhancing
lesion of more than 25% according to the RANO criteria on
standard MRI using a gadolinium-based contrast agent after
completion of the neurooncological treatment [6]. The mean
time between completion of the last treatment regimen and
suggested tumour progression was 30 +38 weeks (median
time, 16 weeks; range, 2-222 weeks). In the majority of pa-
tients (77%), a glioblastoma was diagnosed, and treatment
was initiated according to the EORTC 26981/22981 trial
[27]. Further details on the patients’ characteristics and pre-
treatment are listed in Table 1. To differentiate between
treatment-related changes and tumour progression all patients
were additionally investigated using FET PET. The mean time
between MRI suspicious for tumour progression and FET
PET imaging was 16 + 15 days. DWI was obtained at the time
point of suspected tumour progression. The local ethics com-
mittees approved the retrospective analysis of the data. There
was no conflict with the Declaration of Helsinki. Before PET
imaging, all subjects had given written informed consent for
the PET investigation and the use of the data for scientific
purposes.

Diagnosis of tumour progression or treatment-related
changes

The diagnosis of tumour progression or treatment-related
changes was based on the criteria defined by Young and col-
leagues [28]. Lesions on the initial MRI scan that worsened
after completion of the neurooncological treatment were
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Table 1  Demographic and clinical data
Patient  Age Sex Diagnosis MGMT promoter EoR First line therapy ~ Second line Time between therapy and
number  (years) methylation therapy suspicious MRI (weeks)
1 45 M GBM, IDH-wt Unmethylated CR TMZ-RCx - 10
2 34 M GBM, IDH-mut Methylated PR TMZ-RCx - 7
3 66 F  GBM, IDH-wt Unmethylated B TMZ-RCx - 12
4 67 M GBM, IDH-wt Methylated B TMZ-RCx - 11
5 49 F GBM, IDH-wt Unmethylated PR RCx — 6
6 52 M GBM, IDH-wt Unmethylated CR RCx - 7
7 51 M GBM, IDH-wt Methylated CR RCx - 6
8 61 M GBM, IDH-wt Unmethylated B TMZ-RCx - 9
9 57 M  GBM, IDH-wt Unmethylated B RCx - 4
10 77 M GBM, IDH-wt Methylated B TMZ-RCx - 7
11 52 F  GBM, IDH-wt Unmethylated PR TMZ-RCx - 19
12 63 M GBM, IDH-wt Methylated CR TMZ-RCx - 40
13 24 M GBM, IDH-wt Methylated CR TMZ-RCx - 39
14 20 F  GBM, IDH-wt Methylated B TMZ-RCx - 78
15 46 F  AO, IDH-mut and Methylated B TMZ - 221
1p/19q co-deleted
16 40 M GBM, IDH-wt Unmethylated B TMZ-RCx - 14
17 47 M GBM, IDH-wt Unmethylated CR RCx - 6
18 50 F  GBM, IDH-wt Unmethylated CR TMZ-RCx BT 60
19 33 F AO, IDH-mut and Methylated CR RT; adjuvant TMZ - 24
1p/19q co-deleted
20 50 M  GBM, IDH-wt Unmethylated CR RCx - 2
21 26 M GBM, IDH-mut Methylated B TMZ-RCx CCNU 38
22 54 F  GBM, IDH-wt Unmethylated B TMZ-RCx - 11
23 26 F  GBM, IDH-wt Methylated B TMZ-RCx - 6
24 33 F  GBM, IDH-mut Methylated PR TMZ-RCx - 43
25 47 M GBM, IDH-wt Methylated B TMZ-RCx - 62
26 51 F  GBM, IDH-wt Unmethylated CR TMZ-RCx - 16
27 29 F  GBM, IDH-wt Methylated PR TMZ-RCx BT; CCNU 72
28 54 M GBM, IDH-wt Unmethylated PR TMZ-RCx OP and TMZ 28
29 44 M GBM, IDH-wt Unmethylated PR TMZ-RCx - 27
30 75 M  GBM, IDH-wt Unmethylated B BT; adjuvant TMZ — 41
31 55 M GBM, IDH-wt unmethylated PR TMZ-RCx - 25
32 53 M GBM, IDH-wt methylated PR TMZ-RCx - 25
33 56 F  GBM, IDH-wt Unmethylated CR TMZ-RCx - 25
34 57 F  AO, IDH-mut and Methylated B RT; adjuvant TMZ — 38
1p/19q co-deleted
35 45 F secondary GBM, Unmethylated CR TMZ OP; TMZ-RCx 14
IDH-wt
36 61 M AA, IDH-mut Methylated B RT; adjuvant TMZ — 4
37 48 F GBM, IDH-wt Unmethylated B TMZ-RCx — 9
38 33 M GBM, IDH-wt Methylated PR TMZ-RCx TMZ-RCx 10
39 73 M AA, IDH-wt Unmethylated B TMZ-RCx - 10
40 62 M GBM, IDH-wt Unmethylated PR RCx - 12
41 47 M GBM, IDH-wt Unmethylated PR TMZ-RCx - 16
42 52 M  AO, IDH-mut and Methylated CR RT;adjuvant PC =~ — 11
1p/19q co-deleted
43 74 F  GBM, IDH-wt Methylated CR TMZ-RCx PC 44
44 83 M GBM, IDH-wt Unmethylated CR RT - 25
45 43 M  AA, IDH-wt Methylated CR TMZ-RCx Px; TMZ 38
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Table 1 (continued)

Patient  Age Sex Diagnosis MGMT promoter EoR First line therapy ~ Second line Time between therapy and
number  (years) methylation therapy suspicious MRI (weeks)
46 67 F  AO, IDH-mut and Methylated B BT; TMZ-RCx — 132

1p/19q co-deleted
47 44 M GBM, IDH-mut Methylated B TMZ-RCx - 53
48 20 F  Diffuse midline glioma, n.a. PR TMZ-RCx - 4

H3-K27 M-mut

AA anaplastic astrocytoma, AQO anaplastic oligodendroglioma, B stereotactic biopsy, BT brachytherapy with iodine-125, CCNU lomustine, CR complete
resection, FoR extent of resection, F' female, GBM glioblastoma, /DH isocitrate dehydrogenase, M male, mut mutant, n.a. not available, OP tumor
resection, PC adjuvant procarbazine and CCNU chemotherapy, PR partial resection, Px proton beam therapy, RCx radiotherapy with concomitant
temozolomide chemotherapy, RT radiotherapy, 7MZ adjuvant temozolomide chemotherapy, 7MZ-RCx radiotherapy with concomitant and adjuvant

temozolomide chemotherapy, wt wildtype

categorized as either tumour progression or treatment-related
changes based on neuropathological analysis after repeated
biopsy or resection when available (10 patients; 21%).
Treatment-related changes were characterized by prominent
necrosis with no or only minimal identifiable tumour rem-
nants. The presence of viable tumour tissue confirmed tumour
progression.

If a neuropathological diagnosis was unavailable (38 pa-
tients; 79%), tumour progression or treatment-related changes
were confirmed clinicoradiologically. For this, clinical evalu-
ation and contrast-enhanced MRI were performed every 2—
3 months. Tumour progression was considered if imaging or
clinical worsening prompted a change in treatment.
Treatment-related changes were assumed if no change in an-
ticancer treatment (e.g., change to another alkylating chemo-
therapy, re-resection, re-radiation, etc.) was required for at
least 6 months. This definition allowed a continued mild in-
crease of enhancing lesions, as compared to the usual decrease
or stabilization, as long as no anticancer treatment change
occurred during this period [28].

Conventional MR imaging

At the time point of suspected tumour progression, all patients
had a routine MRI scan using a 1.5 T or 3.0 T MRI scanner
(1.5 T Intera or 3.0 T Ingenia, Philips Healthcare, Best,
The Netherlands) with a standard head coil before and after
administration of a gadolinium-based contrast agent (T1, T2,
and FLAIR).

Diffusion-weighted MRI

DWI was carried out on a 1.5 T or 3.0 T MRI system (1.5 T
Intera or 3.0 T Ingenia, Philips Healthcare, Best,
The Netherlands) with b-values of 0 s/mm? and 1000 s/
mm?. Sequence details for the 1.5 T system are: 30 slices, slice
thickness of 5 mm, field-of-view of 23 cm, acquired matrix
size of 112 x 90 pixels, and a reconstructed matrix size of
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228 x 228 pixels. The sequence applied at 3.0 T consisted of
30 slices, slice thickness of 5 mm, field-of-view of 25 cm,
acquired matrix size of 168 x 111 pixels, and a reconstructed
matrix size of 320 x 320 pixels. ADC maps were calculated
using the vendor-provided software. For data evaluation, the
Picture Archiving and Communication System (Impax ee,
Agfa Healthcare, Bonn, Germany) was used. Regions-of-
interest (ROI) analyses were performed by three blinded and
independent readers with more than 5 years of experience in
the interpretation of MR imaging (T.L., C.K., J.B.). Two-
dimensional ROI analyses were performed on T1-weighted
post-contrast images corresponding to the entire measurable
enhancing portion of the lesion on the section with maximum
lesion extent suspected for tumour progression, excluding
areas of necrosis or cysts. Subsequently, ROIs were trans-
ferred to the coregistered ADC maps for the calculation of
mean ADC values.

FET PET imaging

As described previously, the amino acid FET was produced
via nucleophilic '*F-fluorination with a radiochemical purity
of greater than 98%, specific radioactivity greater than
200 GBqg/umol, and a radiochemical yield of about 60%
[29]. According to national and international guidelines for
brain tumour imaging using labeled amino acid analogues
[25, 30], all patients fasted for at least 4 h before the PET
measurements. All patients underwent a dynamic PET scan
from 0 to 50 min post-injection of 3 MBq of FET per kg of
body weight. PET imaging was performed either on an ECAT
Exact HR+ PET scanner (n =37 patients) in 3-dimensional
mode (Siemens, Erlangen, Germany) (axial field-of-view,
15.5 cm) or simultaneously with 3 T MR imaging using a
BrainPET insert (n=11 patients) (Siemens, Erlangen,
Germany). The BrainPET is a compact cylinder that fits into
the bore of the Magnetom Trio MR scanner (axial field of
view, 19.2 cm) [31].
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Iterative reconstruction parameters were 16 subsets, 6 iter-
ations using the OSEM algorithm for ECAT HR+ PET scan-
ner and two subsets, 32 iterations using the OP-OSEM algo-
rithm for the BrainPET. Data were corrected for random,
scattered coincidences, dead time, and motion for both sys-
tems. Attenuation correction for the ECAT HR+ PET scan was
based on a transmission scan, and for the BrainPET scan on a
template-based approach [31]. The reconstructed dynamic da-
ta set consisted of 16 time frames (5 X 1 min; 5 x 3 min; 6 X
5 min) for both scanners.

To optimize comparability of the results related to the in-
fluence of the two different PET scanners, reconstruction pa-
rameters, and post-processing steps, a 2.5-mm 3D Gaussian
filter was applied to the BrainPET data prior to further pro-
cessing, resulting in an image resolution of approximately
4 mm (image resolution of the ECAT HR+ PET scanner, ap-
proximately 6 mm). In phantom experiments using spheres of
different sizes to simulate lesions, this filter kernel demonstrat-
ed the best comparability between PET data obtained from the
ECAT HR+ PET and the BrainPET scanner [32].

FET PET data analysis

FET PET data analysis was performed as described previously
[33]. In brief, for the evaluation of FET data summed PET
images over the period of 2040 min post-injection were used.
Mean amino acid uptake in the tumour was determined by a 2-
dimensional auto-contouring process using a tumour-to-brain
ratio (TBR) of 1.6 as described previously [34, 35]. For the
calculation of the maximal amino acid uptake, a circular ROI
with a diameter of 1.6 cm was centered on the maximal tu-
mour uptake [33]. Maximum and mean TBRs (TBR.x,
TBRean) Were calculated by dividing the mean SUV of the
tumour ROIs by the mean SUV of healthy brain tissue.

As described previously [33], time-activity curves (TACs)
of FET uptake in the tumour were generated by the application
ofa spherical volume-of-interest (VOI) with a volume of2 mL
centered on maximal tumour uptake to the entire dynamic
dataset. A reference TAC was generated by placing a refer-
ence ROI in the unaffected brain tissue (as described above).
For TAC evaluation, the time-to-peak (TTP; time in minutes
from the beginning of the dynamic acquisition up to the max-
imum SUV of the lesion) was determined. In cases with con-
stantly increasing FET uptake without identifiable peak up-
take, we have defined the end of the dynamic PET acquisition
as TTP. Furthermore, the slope of the TAC in the late phase of
FET uptake was assessed by fitting a linear regression line to
the late phase of the curve (20—50 min post-injection). The
slope was expressed as the change of the SUV per hour. This
allows for a more objective evaluation of kinetic data com-
pared to an assignment of TACs to earlier reported patterns of
FET uptake during dynamic acquisition [33].

Definition of survival times

The post-index survival was defined as the time between the
MRI, which caused the suspicion of tumour progression, and
death. The median follow-up of all patients was 8 months
(range, 1-75 months).

Neuropathological tumour classification and analysis
of molecular markers

All tumours were neuropathologically classified as gliomas
according to the World Health Organization (WHO)
Classification for tumours of the Central Nervous System of
2016 [36]. For the isocitrate dehydrogenase (IDH) mutation
status, the presence of IDHIR132H protein expression was
evaluated by immunohistochemistry. If immunostaining was
negative, IDH was directly sequenced. The 1p/19q co-
deletion status was analyzed by PCR-based microsatellite
analysis. O°-methylguanine-DNA-methyltransferase
(MGMT) promoter methylation analysis was executed after
DNA extraction from samples containing vital glioblastoma
tissue with a histologically estimated tumour cell content of
80% or more. MGMT promoter methylation was assessed
using a methylation-specific PCR as described elsewhere [37].

Statistical analyses

Descriptive statistics are provided as mean and standard devi-
ation and/or median and range. The Student t-test for indepen-
dent samples was used to compare two different groups. The
Mann-Whitney rank-sum test was used when variables were
not normally distributed. The diagnostic performance of FET
uptake, as determined by TBR,,,,x and TBR can, TTP, slope,
and ADC values from DWI to identify treatment-related
changes was assessed by receiver operating characteristic
(ROC) curve analyses using neuropathological confirmation
or clinical course as the reference. Decision cut-off was con-
sidered optimal when the product of paired values for sensi-
tivity and specificity reached its maximum. Besides, the area
under the ROC curve (AUC), its standard error, and level of
significance were determined as a measure of the diagnostic
quality of the test. The diagnostic performance of TBRs in
combination with the corresponding ADC, TTP, or slope
values was evaluated by the Fisher exact test for 2 x 2 contin-
gency tables. Survival analyses were performed using the log-
rank test. For the visual assessment of the ADC maps,
Cohen’s k was used to estimate the interrater reliability among
the rating neuroradiologists (T.L., C.K., J.B.). k-values be-
tween 0 and 0.20 were considered to indicate a positive but
slight correlation, between 0.21 and 0.40 a moderate correla-
tion, between 0.41 and 0.60 a good correlation, between 0.61
and 0.80 a very good correlation, and greater than 0.80 an
excellent correlation. P values of 0.05 or less were considered
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significant. Statistical analyses were performed using SPSS
statistics (Release 25.0, SPSS Inc., Chicago, IL, USA) and
Prism GraphPad (Release 7.00c, GraphPad Software Inc., La
Jolla, CA, USA).

Results
Diagnoses

Thirty-eight of the 48 patients had tumour progression
(79%) and the remaining ten patients had treatment-
related changes (21%) (Table 2). Neuropathologically, tu-
mour progression with viable tumour tissue was con-
firmed in nine patients, and one patient had treatment-
related changes without viable tumour cells (Fig. 1).
Clinicoradiologically, tumour progression was confirmed
in 29 patients, whereas in nine patients the diagnosis of
treatment-related changes was confirmed by a stable clin-
ical course of at least 6 months or more, with stable or
regressive MRI findings without any treatment change
(Fig. 2). No significant group differences (treatment-relat-
ed changes vs. tumour progression) were observed regard-
ing age (47=+18 vs. 51 £14 years; P=0.57), extent of
resection (complete vs. partial resection or stereotactic
biopsy; P=0.82), IDH mutation (IDH wildtype vs. IDH
mutated; P=0.57), and MGMT promoter methylation
(methylated vs. non-methylated; P=0.29).

Static FET PET parameters

TBRax and TBRcan of FET uptake (Table 2) were signifi-
cantly lower in patients with treatment-related changes than in
patients with tumour progression (TBR 1., 1.7 £0.2 vs. 2.6 £

0.7, P<0.001; TBRypean, 1.7£0.2 vs. 2.1+0.3, P<0.001).
The ROC analysis revealed that the optimal cut-off value of
both TBR,,,.x and TBR,,can for the identification of treatment-
related changes was 1.95 (sensitivity, 100%; specificity, 79%;
accuracy, 83%; AUC 0.89+0.05; P<0.001) (Table 3).

Dynamic FET PET parameters

The ROC analysis revealed an optimal TTP cut-off value of
32.5 min for the differentiation of treatment-related changes
from tumour progression (accuracy, 72%; sensitivity, 80%;
specificity, 69%; AUC 0.79+0.07; P<0.01). For slope, the
ROC analysis revealed for the optimal cut-off value of 0.32
SUV/h a slightly higher diagnostic accuracy of 74% (sensitiv-
ity, 70%; specificity, 75%; AUC 0.82 +0.06; P=0.02)
(Table 4).
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Combined analysis of static and dynamic FET PET
parameters

The highest diagnostic performance was obtained combining
static FET PET parameters and slope. In particular, a TBR .«
or TBRjean Value <1.95 in combination with a slope > 0.32
SUV/h revealed a diagnostic accuracy of 93% (sensitivity,
78%, specificity, 97%; P < 0.001). ATBR ,can 0r TBR . Val-
ue <1.95 in combination with a TTP >32.5 min revealed a
slightly lower diagnostic accuracy of 90% (sensitivity, 89%;
specificity, 91%; P < 0.001). Further details of the diagnostic
performance of combinations are listed in Table 4.

ADC

There was good interrater reliability for visual assessment of
ADC maps with a mean « value of 0.71 +0.10 (range, 0.65—
0.83). The identification of treatment-related changes by visu-
al assessment alone was not statistically significant (sensitiv-
ity, 70%; specificity, 66%; accuracy, 67%; P =0.07) (Table 3).

The averaged ADC (Table 2) was significantly higher in
patients with treatment-related changes than in patients with
tumour progression (1.23 +0.4 x 107> mm?/s vs. 0.96+ 0.4 x
102 mm?%/s; P= 0.023). The ROC analysis showed that the
optimal ADC cut-off value for identifying treatment-related
changes was >1.09 x 10> mm?/s (sensitivity, 60%; specifici-
ty, 71%; accuracy, 69%; AUC, 0.73+0.09; P=0.13)
(Table 3). The combination of ADC > 1.09 and static FET
PET parameters (TBR,,,x or TBR,can < 1.95) increased the
diagnostic accuracy (sensitivity, 67%; specificity, 94%; accu-
racy, 89%; P <0.001) (Table 3).

Significant ADC differences related to the IDH mutational
status could not be observed (averaged ADC in IDH-wildtype
gliomas 0f 0.98 + 0.4 x 10> mm?/s compared to the averaged
ADC in IDH-mutated gliomas of 1.1 £ 0.5 x 1073 mmz/s; P=
0.33).

Survival

The post-index survival in patients with treatment-related
changes was significantly longer than in patients with tumour
progression (not reached vs. 8 months; P=0.002). Both
TBR hax and TBR,can below the threshold of 1.95 values pre-
dicted a significantly longer post-index survival (not reached
vs. 8 months; P=0.01). In contrast, an ADC value above the
threshold of 1.09 x 10> mm?*/s was unable to predict a longer
post-index survival (P=0.11).

Discussion

The main finding of the present study is that FET PET-derived
imaging parameters provide valuable clinical information for
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Table 2  Imaging results in relation to diagnoses and survival

Patient TBRyax TBRyean TTP Slope ADC value (x Confirmation of  Diagnosis Time between suspicious MRI

number (minutes) (SUV/h) 107> mm?/s) diagnosis and death (months)

1 1.8 1.8 30 0.18 0.89 clin-rad Treatment-related 12
changes

2 1.9 1.9 35 0.97 1.09 clin-rad Treatment-related 69*
changes

3 32 23 20 —0.10 1.15 clin-rad TP 6

4 24° 2.1° 25 -0.22 0.65 clin-rad Treatment-related 23*
changes

5 1.9 1.8 17 0.10 1.09 clin-rad TP 8

6 25°¢ 19°¢ 30 0.23 1.12 clin-rad TP 11

7 3.8 2.7 8 -3.68 0.98 neuropathol (R) TP 22°

8 24°%  19° 25 0.12 0.82 clin-rad TP

9 3.1 22 17 —-0.80 0.79 clin-rad TP 4

10 2.9 2.1 17 —0.44 0.60 clin-rad TP

11 24 2.0 14 -0.77 0.52 clin-rad TP 14

12 35 3.1 35 0.72 0.57 clin-rad TP 8

13 2.2 2.2 11 -0.04 1.05 neuropathol (B) TP 9%

14 33 2.2 25 -0.69 0.52 clin-rad TP 7

15 1.8 1.8 35 -0.31 091 neuropathol (B) TP 13%

16 3.0 2.3 40 0.29 0.90 clin-rad TP 5

17 24 2.0 20 -0.71 0.75 clin-rad TP

18 2.0 2.0 40 1.02 0.83 neuropathol (B) TP

19 1.7 1.7 35 1.04 1.25 clin-rad Treatment-related 20*
changes

20 2.0 2.0 30 —-0.50 0.58 neuropathol (R) TP 11

21 1.9°¢ 19°¢ 2 0.38 091 clin-rad TP 2

22 33 22 25 031 0.88 clin-rad TP 8

23 1.8 1.8 35 0.75 1.59 clin-rad Treatment-related 24%
changes

24 2.6 2.1 14 -0.09 0.63 clin-rad TP 11

25 2.5 22 25 -0.24 1.06 clin-rad TP

26 1.8 1.8 35 0.51 1.39 clin-rad Treatment-related 7%
changes

27 2.5 22 35 2.12 0.39 neuropathol (R) TP 7

28 4.0 2.5 14 -0.48 0.93 clin-rad TP 7*

29 23 2.1 30 -0.01 1.13 clin-rad TP 16

30 2.9 24 25 -0.34 0.93 clin-rad TP 6

31 2.0 2.0 20 -0.42 1.13 clin-rad TP

32 3.8 2.6 20 -1.24 1.32 clin-rad TP

33 1.7 1.7 14 -0.16 0.92 clin-rad TP

34 2.6 2.2 35 1.62 1.17 clin-rad TP 8

35 2.1 2.1 45 0.06 0.93 clin-rad TP 5

36 2.9 22 20 -1.06 1.70 clin-rad TP 36"

37 33 23 40 0.81 1.13 neuropathol (R) TP 27

38 22 2.1 40 0.47 1.03 clin-rad TP 35

39 1.9 1.9 45 0.32 1.25 clin-rad Treatment-related 19
changes

40 1.8 1.8 35 0.24 0.74 clin-rad TP 5

41 1.8 1.8 35 0.58 1.33 neuropathol (R) TP 7*

42 1.7 1.7 35 0.81 2.10 clin-rad Treatment-related 7%
changes

43 1.7 1.7 n.a. n.a. 0.83 clin-rad TP 7?

@ Springer



1896

Eur J Nucl Med Mol Imaging (2019) 46:1889-1901

Table 2 (continued)

Patient TBRyax TBRyean TTP Slope ADC value (x Confirmation of  Diagnosis Time between suspicious MRI
number (minutes) (SUV/h) 107> mm*s) diagnosis and death (months)
44 24 22 14 -0.93 1.20 clin-rad TP 1?
45 1.0 1.0 n.a. n.a. 2.38 neuropathol (B) TP 3%
46 1.3 1.3 40 1.19 0.96 neuropathol (B) ~ Treatment-related 75°
changes
47 2.6 2 30 0.69 0.75 clin-rad TP 21%
48 1.7 1.7 35 0.09 1.13 clin-rad Treatment-related 7%

changes

ADC mean apparent diffusion coefficient obtained from DWI, (B) neuropathological diagnosis confirmed by stereotactic biopsy, clin-rad
clinicoradiologically, n.a. not available, neuropathol neuropathologically confirmed diagnosis by biopsy or resection, (R) neuropathological diagnosis
confirmed by resection, SUV standardized uptake value, 7BR,,,..,, mean tumor-to-brain ratio of FET PET uptake, TBR,,,,, maximum tumor-to-brain ratio

of FET PET uptake, T7TP time-to-peak, 7P tumor progression
 Censored patients

® Decrease of TBRs compared to baseline FET PET

°FET uptake in new lesions compared to baseline FET PET

the identification of treatment-related changes in patients with
malignant glioma. Importantly, the combination of static and
dynamic FET PET parameters further increases the diagnostic
accuracy. Although ADC maps derived from DWI were also
able to identify treatment-related changes, the diagnostic per-
formance of FET PET parameters was superior, indicating that
FET PET is the diagnostic imaging modality of choice for this
important clinical question. Moreover, the addition of FET
PET parameters to ADC values increased the latter’s weak
diagnostic performance and allowed a meaningful identifica-
tion of treatment-related changes.

The high diagnostic accuracy of FET PET in differentiating
between tumour progression and treatment-related changes in
glioma patients has been shown repeatedly [1, 18, 19, 33,
38—41]. In the present study, the high diagnostic accuracy
(83%) of the static FET PET parameters TBR,,,x and
TBRcan Using a cut-off value of 1.95 was in the range of
previously reported results [1, 19, 33, 38, 41, 42].

The diagnostic accuracy of dynamic FET PET parameters
was lower than that of static FET PET parameters, which is in
line with previous reported results [19]. Notwithstanding the
above, the combination of static and dynamic FET PET pa-
rameters showed a further increase in diagnostic performance.
Both TBR,can and TBR .« achieved a high diagnostic accu-
racy of 93% in combination with dynamic FET PET parame-
ters, similar to earlier reported results in patients with glioma
and brain metastases [21, 33].

The higher diagnostic performance of FET PET compared
to ADC values in differentiating treatment-related changes
from tumour progression is in accordance with other multi-
modal imaging studies using FET PET [18, 19]. On the other
hand, the diagnostic performance of mean ADC values with-
out the combination with information derived from other im-
aging modalities was not convincing. Similarly, previous
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studies reported either a sensitivity or specificity of mean
ADC values of 50% or less, and, consistent with our data,
only the combination of ADC with parameters derived from
FET PET and/or other MRI techniques increased the diagnos-
tic performance [18, 19].

The higher diagnostic accuracy of static and dynamic FET
PET is most probably related to various factors. The higher
specificity of FET for neoplastic tissue is related to the over-
expression of amino acid transporters (subtypes LAT1 and
LAT2) [43]. In contrast, in subacute treatment-related local
tissue changes which comprises inflammation [44], amino
acid transporters are usually not overexpressed. However, al-
though this is much less common, it should be kept in mind
that usually mild, but increased amino acid tracer uptake may
also occur in infectious (e.g., brain abscess) or inflammatory
processes (e.g., acute multiple sclerosis) [45]. Regarding per-
fusion, major spatial differences have been observed between
the extent of FET uptake and relative cerebral blood volume as
assessed by perfusion MRI, indicating that the regional tumor
perfusion influences the FET uptake only insignificantly
[46-48]. Furthermore, another study suggested that the late
phase of TACs is not significantly influenced by relative ce-
rebral blood flow [49]. Extracellular factors such as vasogenic
edema may also affect the FET uptake only insignificantly,
even if dexamethasone is administered [50].

Regarding the diagnostic performance of various other
ADC parameters (e.g., maximum and median ADC, ADC
percentiles, kurtosis, skewness, entropy) used for the differen-
tiation of treatment-related changes from tumour progression,
the literature suggests a considerable variability of diagnostic
performance (range of sensitivity, 50-100%; range of speci-
ficity, 43-100%) [8, 13, 1619, 51]. Moreover, a few studies
reported the inability of ADC measurements to significantly
differentiate between treatment-related changes and tumour
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Fig. 1 Contrast-enhanced MRI, ADC map obtained from DWI, and FET
PET of a 69-year old female patient (#46) with anaplastic
oligodendroglioma. Twenty-nine months after fractionated external beam
radiotherapy, brachytherapy, and adjuvant temozolomide chemotherapy,
contrast-enhanced MRI suggested tumour progression. In spatial corre-
spondence to the contrast enhancement, the ADC map revealed a sub-
stantial decrease of diffusivity in the area of contrast enhancement (ar-
rowheads on the enlarged image; ADC below 0.5 x 10 3 mmz/s),

4',|?

Tumor-ROI

>
15
(72 Reference-ROI

suggesting tumour progression. In contrast, FET PET showed no in-
creased metabolic activity and a steadily increasing time-activity curve,
indicating treatment-related changes. Histological findings obtained fol-
lowing stereotactic biopsy were consistent with radiation necrosis (hema-
toxylin and eosin staining, original magnification x200; scale bar,
50 um). For a follow-up time of 6 years, the patient was in a stable clinical
condition. Parts of Fig. 1 have been published in an earlier study of our
group [33]
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Fig. 2 Contrast-enhanced MRI, FLAIR MR, and FET PET of a 73-year
old male patient (#39) with a newly diagnosed anaplastic astrocytoma
(IDH wildtype, MGMT promoter not methylated). Ten weeks after com-
pletion of radiotherapy with concomitant temozolomide chemotherapy
(baseline), contrast-enhanced MRI indicated tumour progression (eft
arrow). In contrast, FET PET showed no increased metabolic activity
(TBRyax, 1.95 TBRpeans 1.9) and a steadily increasing time-activity curve

progression [11, 52], which is in line with our data. Other
causes than increased cellularity in neoplastic tissue, e.g., is-
chemia, infection, inflammation, gliosis, necrosis, or vascular
proliferation, may alter diffusion, leading to heterogeneous
signal intensity, and thereby causing considerable variability
of diagnostic performance of parameters obtained from DWI
[2, 53, 54]. Additionally, ADC maps have a relatively poor
spatial resolution and signal-to-noise ratio, and ADC values
may show a significant variability depending on the utilized

Follow-up

__/:"‘M\ /."L'"A\ /-‘"M\ /h’lif_x_

| n‘l(
}\ /\ f)\\

10 months 14 months

(TTP, 45 min; slope, 0.32 SUV/h), suggesting treatment-related changes.
Without treatment change, the patient was followed for clinical and ra-
diological signs of tumour progression. Serial follow-up MR imaging
revealed a decrease of contrast enhancement over time. Fourteen months
after completion of chemoradiation, the contrast-enhancing lesion
vanished almost completely (right arrow) and the FLAIR hyperintensity
decreased during follow-up

coils, vendors, field strengths, and sequence parameters used
for MR imaging [55, 56]. On the other hand, the variance of
the ADC values obtained from different MRI scanners is rel-
atively low if comparable DWI sequences and postprocessing
are used (as in the present study) [57]. Furthermore, ADC
values may also be affected by the IDH mutation status. A
recent study showed lower ADC values in IDH wildtype gli-
omas compared to IDH mutant gliomas [58]. However, the
latter result could not be replicated in the present study.

Table 3  Diagnostic performance of static FET PET parameters, ADC metrics and combinations thereof
Performance measure TBRax TBRean  Visual assessment of ADC Combined analysis of FET PET
ADC maps parameters and ADC
Threshold for the identification of <195 <1.95 n.a. > TBRjcan OF TBR 10 < 1.95 and
treatment-related changes 1.09x10°m-  ADC>1.09
2
m/s
Sensitivity (%) 100 100 70 60 67
Specificity (%) 79 79 66 71 94
Diagnostic accuracy (%) 83 83 67 69 89
Positive predictive value (%) 56 56 35 35 75
Negative predictive value (%) 100 100 89 87 92
AUC =+ standard deviation 0.89+0.05 0.89+0.05 na. 0.73+0.09 n.a.
P value < 0.001 < 0.001 0.07 0.13 < 0.001

ADC mean apparent diffusion coefficient obtained from DWI, AUC area under curve from a receiver operating characteristic curve, n.a. not available,
TBR,,, maximum tumor-to-brain ratio of FET PET uptake, TBR,,,., mean tumor-to-brain ratio of FET PET uptake
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Table 4 Diagnostic performance of combined static and dynamic FET PET parameters

Performance measure TTP Slope

Combined analysis of static and dynamic FET PET parameters

Threshold for the identification of >32.5 min >0.32

treatment-related changes SUV/h

Sensitivity (%) 80 70 89
Specificity (%) 69 75 91
Diagnostic accuracy (%) 72 74 90
Positive predictive value (%) 42 44 73
Negative predictive value (%) 93 90 97
AUC + standard deviation 0.79+0.07 0.82+0.06 n.a.

P value 0.009 0.02 <0.001

TBRax O TBRean < 1.95 and
presence of a TTP >32.5 min

TBRpax o TBRjcan < 1.95 and presence
of a slope>0.32 SUV/h

78

97

93

88

94

na.
<0.001

AUC area under curve from a receiver operating characteristic curve, n.a. not available, SUV standardized uptake value, TBR,,,, maximum tumor-to-
brain ratio of FET PET uptake, 7BR,,,.,,, mean tumor-to-brain ratio of FET PET uptake, T7TP time-to-peak

Nevertheless, a few studies reported that ADC values
differentiate treatment-related changes from tumour pro-
gression with high diagnostic accuracy. Especially two
studies (from a single institution) in newly-diagnosed glio-
blastoma patients treated according to the EORTC 26981/
22981 trial [27] reported an excellent diagnostic perfor-
mance (range of sensitivity, 98—100%; specificity, 100%),
which has not been replicated [13, 17]. The present study
was based on a more practice-oriented patient population
(e.g., various glioma entities with different WHO grades,
with or without pretreatment) and a balanced distribution
of IDH mutations in patients with treatment-related chang-
es and tumour progression. Studies with similarly hetero-
geneous patient collectives showed a lower diagnostic per-
formance of ADC similar to our results [16, 19].

Besides the retrospective design, one could argue that the
present study has several limitations. It has to be noted that a
neuropathological validation of imaging findings was not
available for all lesions, and clinicoradiological criteria had
to be used for the final diagnosis in the majority of lesions.
On the other hand, due to a poor clinical condition or refusal of
the patient a biopsy or surgery cannot always be performed.
Furthermore, dynamic scanning is more laborious and time-
consuming. It is still unclear whether the improvement of
diagnostic performance of dynamic scanning justifies the ad-
ditional costs. This issue needs to be further evaluated in pro-
spective studies with more extensive patient cohorts.

In summary, static FET PET imaging parameters such as
TBRs offer high diagnostic performance for the identification
of treatment-related changes. The combination of static and
dynamic FET PET parameters further increases its diagnostic
accuracy. In clinical routine, FET PET should be preferred
over ADC measurement for the differentiation of tumour pro-
gression from treatment-related changes.
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