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Martin Hüllner6, Gabriele Stoffels3, Viola Schweinsberg2,7, Max Schlaak2,7, Nicole Kreuzberg2,7, Jennifer Landsberg2,8,
Philipp Lohmann3,9, Garry Ceccon1, Christian Baues2,10, Maike Trommer2,10, Eren Celik2,9, Maximilian I. Ruge2,9,
Martin Kocher3,9, Simone Marnitz2,10, Gereon R. Fink1,3, Jörg-Christian Tonn11, Michael Weller5, Karl-Josef Langen3,12,
Jürgen Wolf2,4, and Cornelia Mauch2,7

1Department of Neurology, Faculty of Medicine and University Hospital Cologne, University of Cologne, Cologne, Germany; 2Center
of Integrated Oncology, Universities of Aachen, Bonn, Cologne, and Duesseldorf, Germany; 3Institute of Neuroscience and Medicine
(INM-3, -4), Research Center Juelich, Juelich, Germany; 4Lung Cancer Group, Department I of Internal Medicine, Faculty of
Medicine and University Hospital Cologne, University of Cologne, Cologne, Germany; 5Department of Neurology and Brain Tumor
Center, University Hospital and University of Zurich, Zurich, Switzerland; 6Department of Nuclear Medicine, University Hospital and
University of Zurich, Zurich, Switzerland; 7Department of Dermatology, Faculty of Medicine and University Hospital Cologne,
University of Cologne, Cologne, Germany; 8Department of Dermatology, University Hospital Bonn, Bonn, Germany; 9Department of
Stereotaxy and Functional Neurosurgery, Faculty of Medicine and University Hospital Cologne, University of Cologne, Cologne,
Germany; 10Department of Radiation Oncology, Faculty of Medicine and University Hospital Cologne, University of Cologne,
Cologne, Germany; 11Department of Neurosurgery, University Hospital LMU Munich, Munich, Germany; and 12Department of
Nuclear Medicine, RWTH University Hospital Aachen, Aachen, Germany

We investigated the value of O-(2-18F-fluoroethyl)-L-tyrosine (18F-

FET) PET for treatment monitoring of immune checkpoint inhibition

(ICI) or targeted therapy (TT) alone or in combination with radiother-

apy in patients with brain metastasis (BM) since contrast-enhanced
MRI often remains inconclusive. Methods: We retrospectively iden-

tified 40 patients with 107 BMs secondary to melanoma (n5 29 with

75 BMs) or non–small cell lung cancer (n 5 11 with 32 BMs) treated

with ICI or TT who had 18F-FET PET (n 5 60 scans) for treatment
monitoring from 2015 to 2019. Most patients (n 5 37; 92.5%) had

radiotherapy during the course of the disease. In 27 patients, 18F-

FET PET was used to differentiate treatment-related changes from

BM relapse after ICI or TT. In 13 patients, 18F-FET PET was per-
formed for response assessment to ICI or TT using baseline and

follow-up scans (median time between scans, 4.2 mo). In all lesions,

static and dynamic 18F-FET PET parameters were obtained (i.e.,
mean tumor-to-brain ratios [TBR], time-to-peak values). Diagnostic

accuracies of PET parameters were evaluated by receiver-operating-

characteristic analyses using the clinical follow-up or neuropatho-

logic findings as a reference. Results: A TBR threshold of 1.95
differentiated BM relapse from treatment-related changes with an

accuracy of 85% (P 5 0.003). Metabolic responders to ICI or TT on
18F-FET PET had a significantly longer stable follow-up (threshold of

TBR reduction relative to baseline, $10%; accuracy, 82%; P 5
0.004). Furthermore, at follow-up, time to peak in metabolic re-

sponders increased significantly (P 5 0.019). Conclusion: 18F-FET

PET may add valuable information for treatment monitoring in BM
patients treated with ICI or TT.
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Brain metastasis (BM) develops in 20%–40% of patients with
late-stage cancer and is associated with a poor prognosis. Frequently

used treatment options are radiosurgery, whole-brain radiation ther-

apy, surgical resection in oligometastases, and systemic cytotoxic

chemotherapy (1). The advent of immunotherapy using immune

checkpoint inhibition (ICI) and targeted therapy (TT) has consider-

ably improved the overall survival of cancer, particularly in patients

with melanoma or lung cancer (2–4). Additionally, more recent trials

have shown that patients with BM from melanoma or lung cancer

may also benefit from these agents alone or in combination (5–8).
After various newer treatment options for patients with BM such

as immunotherapy using ICI or TT, imaging findings on contrast-

enhanced anatomic MRI can be highly variable, especially when

these agents are used in combination with radiotherapy, and the

interpretation regarding the differentiation of treatment-related

changes from BM relapse is often difficult (9). Additionally, this

uncertainty may also negatively affect the assessment of response to

these newer treatment options, particularly if applied in combination

(e.g., ICI or TT plus radiotherapy) (10). For example, immunogenic

reactions related to ICI may trigger inflammation and intratumoral

infiltrates, including cytotoxic T cells, thereby leading to MRI find-

ings that suggest BM relapse. Correspondingly, histopathology typ-

ically shows inflammatory cells (11) but not mitotically active tumor

cells. This problem is also aggravated by the fact that progressive
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imaging changes on anatomic MRI early after treatment initiation
might represent an actual tumor progression that ultimately becomes
controlled by a delayed immune response (9). Although the Immu-
notherapy Response Assessment in Neuro-Oncology (iRANO)
Working Group recommended both clinical and standard MRI cri-
teria to overcome the clinical problem of immunotherapy-related
pseudoprogression (9), these newer treatment options seem to im-
pose demands on brain imaging beyond those offered by routine
anatomic MRI techniques.
Metabolic PET imaging may help to overcome some of these

imaging challenges. Radiolabeled amino acids are of particular
interest for brain tumor imaging using PET because of their
increased uptake in neoplastic tissue but low uptake in normal
brain parenchyma, resulting in an improved tumor-to-brain
contrast compared with glucose PET (12). Importantly, a key feature
of amino acid tracers is their ability to pass the intact blood–brain
barrier, allowing depiction of tumor tissue beyond contrast enhance-
ment in MRI (12). Increased uptake of radiolabeled amino acids is
related to amino acid transporters of the L-type, which are often
overexpressed in brain tumors (13,14). L-type transporter overexpres-
sion in BMmakes intracranial metastases also a compelling target for
amino acid PET imaging (15). Moreover, the iRANO group has
analyzed the additional diagnostic value of amino acid PET in pa-
tients with glioma and BM and recommended the use of this imaging
technique in addition to conventional MRI, especially for delineation
of brain tumor extent, assessment of treatment response, and differ-
entiation of treatment-related changes from tumor progression
(16–18).
However, only few data are currently available for the evaluation

of ICI- or TT-treated BM patients in combination without or with
radiotherapy using amino acid PET. The purpose of the present
study was to investigate the value of amino acid PET using
O-(2-18F-fluoroethyl)-L-tyrosine (18F-FET) as an additional im-
aging method, compared with conventional contrast-enhanced
MRI alone, for treatment monitoring in predominantly heavily
pretreated patients with BM from melanoma or non–small cell
lung cancer (NSCLC) treated with ICI or TT alone or in combi-
nation with radiotherapy.

MATERIALS AND METHODS

Patients

From 2015 to 2019, 40 adult patients with metastatic brain tumors
secondary to histomolecularly defined malignant melanoma (MM;

n 5 29) or NSCLC (n 5 11) (mean age, 59 6 13 y; range, 27–83 y;
8 women and 32 men) treated with ICI or TT who underwent in total

60 18F-FET PET scans for treatment monitoring were included in
this retrospective study. All patients had at least 1 contrast-enhancing

lesion (n 5 75 in MM patients and n 5 32 in NSCLC patients; total
number of contrast-enhancing lesions, 107) on cerebral MRI. Most

patients (n 5 37; 92.5%) had radiotherapy during the course of disease
(Supplemental Tables 1–3; supplemental materials are available at

http://jnm.snmjournals.org).
Twenty-seven of these 40 patients with equivocal MRI findings

after ICI, TT, radiotherapy, or combinations thereof were referred to
the Research Center Juelich (n 5 18) or to the Brain Tumor Center of

the University Hospital Zurich (n 5 9) to differentiate actual BM
relapse from treatment-related changes using 18F-FET PET (total

number of 18F-FET PET examinations, 32). A detailed overview of
the patients’ pretreatment is listed in Supplemental Tables 1 and 2.

The remaining 13 patients were referred to the Research Center
Juelich for evaluation of the treatment effects after ICI, TT, radiotherapy,

or combinations thereof using 18F-FET PET. In contrast to the other 27

patients, each of these patients had a baseline scan and at least 1 follow-
up scan (range, 1–2 scans) (median time between baseline and first

follow-up scan, 4.2 mo; total number of scans, 28). The applied therapy,
including the pretreatment before 18F-FET PET imaging, is listed in

Supplemental Table 3.
The local ethics committees approved the retrospective analysis of

the data. There was no conflict with the Declaration of Helsinki. All
subjects had given written informed consent for the PET investigation.

Conventional MRI

In accordance with the International Standardized Brain Tumor
Imaging Protocol (19), MRI was performed using a 1.5- or 3.0-T MRI

scanner with a standard head coil before and after administration of a
gadolinium-based contrast agent (0.1 mmol/kg of body weight). The

sequence protocol comprised at least 3-dimensional isovoxel T1-weighted,
2-dimensional T2-weighted, and 2-dimensional fluid-attenuated inversion

recovery-weighted sequences. MRI changes at first follow-up, compared
with the baseline scan, were assigned according to the iRANO criteria

for BM (20).

Diagnosis of Treatment-Related Changes and Evaluation of

Treatment Response

In 2 cases, tissue was available and treatment-related changes were
diagnosed by prominent necrosis with no or only minimal identifiable

tumor remnants in 1 case and the presence of viable tumor tissue
confirming BM relapse in the other case.

In the remaining patients, a neuropathologic diagnosis was unavail-
able, and iRANO criteria (9) were considered for diagnostic assessment.

According to the iRANO criteria (9), treatment-related changes were
assumed under 3 conditions: the lesions showed spontaneous shrinkage

or remained stable in size on contrast-enhanced MRI during a follow-up
of at least of 3 mo (median follow-up, 7 mo; range, 3–25 mo); the

clinical condition remained stable; and no new neurologic symptoms
occurred or neurologic deficits remained unchanged.

Response to the applied treatment on 18F-FET PET was considered
if a decrease in metabolic activity at follow-up was associated with a

stable clinical course for at least 6 mo; that is, the clinical condition
remained stable or even improved and no new neurologic symptoms

occurred, or existing neurologic deficits remained unchanged, as docu-
mented in the patients’ charts.

18F-FET PET Imaging

The amino acid 18F-FETwas produced via nucleophilic 18F-fluorination

with a radiochemical purity of greater than 98%, specific radioactivity
greater than 200 GBq/mmol, and a radiochemical yield of about 60%

(21). According to international guidelines for brain tumor imaging
using labeled amino acid analogs (18), patients fasted for at least 4 h

before the PET measurements.
At the Research Center Juelich, all patients underwent a dynamic

PET scan from 0 to 50 min after injection of 3 MBq of 18F-FET per
kilogram of body weight. PET imaging was performed either on an

ECAT Exact HR1 PET scanner in 3-dimensional mode (n 5 19 pa-
tients; axial field of view, 15.5 cm; Siemens) or simultaneously with 3.0-

T MRI using a BrainPET insert (n 5 12 patients; axial field of view,
19.2 cm; Siemens). The BrainPET is a compact cylinder that fits into the

bore of the Magnetom Trio MR scanner (22). Iterative reconstruction
parameters were 16 subsets and 6 iterations using the ordered-subsets

expectation maximization algorithm for the ECAT HR1 PET scanner

or 2 subsets and 32 iterations using the ordinary-Poisson ordered-
subsets expectation maximization algorithm for the BrainPET. Data

were corrected for randoms, scattered coincidences, dead time, and
motion, for both systems. Attenuation correction was based on a trans-

mission scan for the ECAT HR1 PET scan and on a template-based
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approach for the BrainPET scan (22). The reconstructed dynamic

datasets consisted of 16 time frames (5 · 1, 5 · 3, and 6 · 5 min)
for both scanners.

At the University Hospital Zurich, 18F-FET PET images were ac-
quired on a PET/CT scanner (Discovery 690 standard; GE Healthcare;

n 5 4 patients) or on a PET/MR (3.0-T) scanner (Signa PET/MR; GE
Healthcare; n 5 5 patients). The patients were injected with a stan-

dardized dose of 130 MBq 20 min before (PET/CT) or immediately
before (PET/MR) the dynamic PET acquisition. All PET images were

reconstructed using the ordered-subsets expectation maximization al-
gorithm in conjunction with point-spread-function modeling. The

reconstructed dynamic datasets consisted of 8 time frames (8 ·
5 min) for the PET/MR scanner and 4 time frames (4 · 5 min) for

the PET/CT scanner.

18F-FET PET Data Analysis
18F-FET uptake in the tissue was expressed as SUV by dividing the

radioactivity (kBq/mL) in the tissue by the radioactivity injected per
gram of body weight. All PET and MR images were coregistered, and

the fusion results were inspected and, if necessary, adapted on the

basis of anatomic landmarks. For evaluation of the 18F-FET data,
summed PET images over 20–40 min after injection were used. Mean

tumoral 18F-FET uptake was determined by a 2-dimensional auto-
contouring process using a tumor-to-brain ratio (TBR) at a threshold

of 1.6 (18,23,24). Mean TBR (TBRmean) was calculated by dividing
the SUVmean of the tumor region of interest (ROI) by the SUVmean of a

larger reference ROI placed in the semioval center of the contralateral
unaffected hemisphere including white and gray matter (18,24,25). In

the case of multiple BMs, ROI analyses for TBRmean calculation were
performed for each metastasis separately. Because of the use of dif-

ferent PET scanners (n 5 4) in 2 centers, calculations of maximum
TBR (TBRmax) were not obtained, because TBRmax may vary consid-

erably (26) and the comparability may be affected by the different
spatial resolution of the PET scanners.

At the Research Center Juelich, time–activity curves for 18F-FET
uptake (SUVmean) in the tumor were generated by application of a

spheric volume of interest with a volume of 2 mL centered on the
voxel with the maximum tumor uptake (27) and the reference ROI as

described above for the entire dynamic dataset. A reference time-
–activity curve was generated by placing a reference ROI in the un-

affected brain tissue as reported previously (27). For time–activity
curve evaluation, the time to peak (TTP; time in minutes from the

beginning of the dynamic acquisition up to the SUVmax of the lesion)
was determined. Because of the different dynamic 18F-FET PET ac-

quisition protocol used in the 9 patients from the University Hospital
Zurich, a time–activity curve evaluation by TTPs in these 9 patients

was not performed.

Statistical Analyses

Descriptive statistics are provided as mean and SD or median and

range. The Student t test was used to compare 2 groups. The Man-
n–Whitney rank-sum test was used when variables were not normally

distributed. The change in TTPs in the same patients were compared
using the paired t test.

The diagnostic performance of TBRmean for differentiation of BM
relapse from treatment-related changes was assessed by receiver-

operating-characteristic (ROC) curve analyses, using histologic con-
firmation or the clinical course as a reference. In the case of multiple

BMs, the lesion with the highest metabolic activity was selected for

the ROC analysis.
To determine the optimal threshold of TBRmean for identifying

responders to ICI, TT, radiotherapy, or combinations thereof, an
ROC analysis was calculated using a stable clinical course of 6 mo

as a reference. The lesion with the highest metabolic activity was

selected for response assessment—that is, relative TBRmean changes

during follow-up relative to baseline. Furthermore, the lesion with the
highest metabolic activity was selected for TTP calculation.

As a measure of the test’s diagnostic quality, the area under the
ROC curve (AUC), its SE, and its level of significance were deter-

mined. The decision cutoff was considered optimal when the product
of paired values for sensitivity and specificity reached its maximum.

The diagnostic performance of TBRmean in combination with the cor-
responding TTP was evaluated by the Fisher exact test for 2 · 2

contingency tables.
P values of 0.05 or less were considered significant. Statistical

analyses were performed using SPSS statistics (release 26.0, SPSS
Inc.).

RESULTS

TT and ICI Therapy in Relation to Radiotherapy

Most patients (n 5 37; 92.5%) had radiotherapy during the
course of the disease. Before 18F-FET PET imaging, 70% of the
patients (n 5 28) had undergone radiotherapy, either as a single
modality (35%; n 5 14) or in combination with ICI or TT (35%;
n 5 14). Radiosurgery was the most frequently used radiotherapy
modality (60%; range of surface radiation dose, 16–25 Gy/50%–
80% isodose level) (Supplemental Table 1).

Diagnosis of Recurrent BM and Treatment-Related Changes

After multimodal treatment including radiotherapy, ICI, TT, and
combinations thereof (Supplemental Tables 1 and 2), a treatment-
related change was diagnosed in 17 patients. This was based on
stable neurologic symptoms and no significant enlargement of the
lesion on further follow-up MR images after a median of 7 mo
(range, 3–25 mo) in 16 patients, or on neuropathology in 1 patient.
In total, recurrent BMs were diagnosed in 10 patients. Based on
the deterioration of the clinical condition (i.e., reduction of the
Karnofsky performance index , 60%, progression or develop-
ment of new neurologic symptoms, or subsequent cancer-related
death), as well as progression in size on contrast-enhanced MRI
during follow-up (median follow-up time, 3 mo; range, 2–5 mo),
recurrent BMs were diagnosed in 9 patients. In 1 patient, BM
recurrence was diagnosed neuropathologically.

Comparison of Static and Dynamic 18F-FET PET Parameters

in Recurrent BM and Treatment-Related Changes

TBRmean was significantly higher in patients with BM relapse
(n 5 10) than in patients with treatment-related changes (n 5 17)
(2.46 0.8 vs. 1.76 0.3, P, 0.001) (Fig. 1). In contrast, TTP was
not significantly different between patients with BM relapse and
treatment-related changes (27.7 6 15.3 min vs. 34.5 6 5.0 min,
P 5 0.206). The TBRmean and TTP for each patient are listed in
Supplemental Table 4.

Diagnostic Performance of TBRmean and TTP

The ROC analysis revealed that the diagnostic accuracy of
TBRmean for the correct identification of recurrent BM reached
85% (AUC, 0.856 0.09; sensitivity, 70%; specificity, 94%; cutoff,
1.95; P 5 0.003). In contrast, the ROC analysis of the dynamic
18F-FET PET parameter TTP yielded a lower diagnostic perfor-
mance for the correct identification of recurrent BM (AUC, 0.616
0.18; sensitivity, 100%; specificity, 57%; cutoff, 27.5 min; P 5
0.464). For the diagnosis of BM relapse, the presence of a
TBRmean of more than 1.95 in combination with a TTP of less
than 27.5 min did not further increase the diagnostic performance
(accuracy, 82%; sensitivity, 57%; specificity, 100%; P 5 0.015).
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Assessment of Treatment Response

In 13 patients, 18F-FET PET was performed for the assessment
of response to a treatment regimen including ICI or TT using
baseline and follow-up 18F-FET PET scans (median time between
scans, 4.2 mo). Nine of these 13 patients (69%) had ICI or a TT
concurrent with radiotherapy (applied within the first 4 wk after
radiotherapy initiation). A detailed overview on the pretreatment
and the applied treatment is shown in Supplemental Table 3.
ROC analysis revealed that at follow-up a relative reduction in

TBRmean of 10% or more separated metabolic 18F-FET PET re-
sponders (n 5 6) with a stable clinical course of at least 6 mo or

more (median follow-up time, 10.5 mo;
range, 6–18 mo) from nonresponders with
a stable clinical course of less than 6 mo
(n5 5; median follow-up time, 4 mo; range,
2–5 mo) with a sensitivity of 80%, a speci-
ficity of 83%, and an accuracy of 82%
(AUC, 0.78 6 0.12; P 5 0.121). Two of
13 patients examined for the evaluation of
treatment response using 18F-FET PET
had to be excluded from ROC analysis
(loss to follow-up in 1 patient, death related
to causes other than cancer in the other pa-
tient). Additionally, metabolic responders
on 18F-FET PET (relative reduction of
TBRmean, $10%) had a significantly longer
stable clinical course than nonresponding
patients (median time, 10.5 vs. 4 mo;
P 5 0.004).
Furthermore, in metabolic 18F-FET PET

responders, TTP at follow-up increased
significantly relative to the baseline TTP

(22.0 6 9.7 min vs. 36.7 6 5.2 min, P 5 0.019). In contrast,
18F-FET PET metabolic nonresponders showed at follow-up a
significant decrease in TTP (23.0 6 11.0 min vs. 3.4 6 1.3 min,
P 5 0.013). The TBRmean and TTP for each patient are listed in
Supplemental Table 5.

18F-FET PET Findings of Metabolic Responders and

Nonresponders in Relation to MRI

In 4 of 13 patients (31%), 18F-FET PET findings at follow-up
were discrepant with the changes on contrast-enhanced MRI (Sup-
plemental Table 3). In these cases, 18F-FET PET provided addi-

tional information for treatment response
evaluation beyond the information pro-
vided by contrast-enhanced MRI alone. In
particular, 18F-FET PET in 2 metabolic re-
sponders (patients 1 and 8; Supplemental
Tables 3 and 5) showed a significant de-
crease in metabolic activity (TBRmean,
228% and 215%, respectively), although
MRI changes were consistent with progres-
sion according to iRANO criteria (Fig. 2).
Furthermore, in contrast to a patient (patient
3; Supplemental Tables 3 and 5) with un-
changed MRI (stable disease according to
iRANO criteria) at follow-up, the 18F-FET
PET indicated a metabolic response with a
significant decline in TBRmean (219%).
Moreover, although 1 patient had lesions
with increasing metabolic activity (metabolic
nonresponder; TBRmean increase, 10%), the
corresponding MRI suggested even a partial
response according to iRANO criteria (pa-
tient 9; Supplemental Tables 3 and 5; Fig. 3).

DISCUSSION

The main finding of the present study is
that 18F-FET PET seems to be of great
value for the differentiation of treatment-
related changes predominantly induced by

FIGURE 2. After radiosurgery concurrent with nivolumab in 59-y-old patient with melanoma BM

(patient 1; Supplemental Tables 3 and 5), 18F-FET PET at follow-up 12 wk after treatment initiation

(bottom row) shows significant decrease of metabolic activity (TBRmean, −28%) compared with

baseline (top row), although MRI changes were consistent with progression according to iRANO

criteria. Reduction of metabolic activity was associated with stable clinical course over 10 mo.

CE 5 contrast-enhanced.

FIGURE 1. Patient with melanoma BM pretreated with radiosurgery concurrent with nivolumab,

and dabrafenib in combination with trametinib (patient 9; Supplemental Tables 2 and 4). In con-

trast to progressive MRI, amino acid PET using 18F-FET shows no significant uptake and is

consistent with treatment-related changes. After PET imaging, survival time was 24 mo. CE 5
contrast-enhanced.
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ICI or TT in combination with radiotherapy from BM relapse in
patients with MM or NSCLC. The high diagnostic accuracy (85%)
could be obtained by a simple and easily applicable approach (i.e.,
calculation of TBRs), which facilitates implementation in clinical
routine. This finding is of eminent interest since the combination
of radiotherapy with ICI or TT may substantially increase the
risk for treatment-related changes such as radiation necrosis
(10,28–31). Another important observation in our study is that
static and dynamic 18F-FET PET parameters may be helpful for
the identification of both responders and nonresponders to a treat-
ment regimen including ICI or TT with a similar high diagnostic
performance (range of accuracy, sensitivity, and specificity, 80%–
83%). Importantly, metabolic 18F-FET PET responders exhibited a
significantly longer stable clinical course during the follow-up
than did metabolic nonresponders (median time, 10.5 vs. 4 mo).
Moreover, 18F-FET PET provided additional important clinical
information for treatment response evaluation beyond the infor-
mation provided by contrast-enhanced MRI alone, that is, in terms
of identification of false-positive or false-negative MRI findings.
Since radiotherapy, immunotherapy with ICI, or TT—especially in
combination—plays an increasingly important role in personal-
ized treatment of BM, diagnostic information obtained from 18F-
FET PET may therefore be of value for patient management. In
particular, supplemental 18F-FET PET in cases of ambiguous MRI
findings is advantageous for treatment monitoring, providing neu-
rooncologists with a longer time window for subsequent patient
management.

Our findings are in line with a small
pilot study that highlighted for the first
time the potential of 18F-FET PET to iden-
tify pseudoprogression in patients with BM
originating from MM treated with ICI (32).
In relation to previous studies evaluating
the accuracy of amino acid PET for the
diagnosis of treatment-related changes in
patients with BM treated solely with radio-
therapy (predominantly radiosurgery), our
results are also comparable. These studies
using various radiolabeled amino acids,
including 18F-FET, consistently revealed
that the sensitivity and specificity for the
differentiation of treatment-related changes
from BM relapse is in the range of 80%–
90% (24,33–40). Additionally, parameters
obtained from dynamic 18F-FET PET acqui-
sition seem to further increase the diagnos-
tic performance compared with static
parameters alone (24,34,38).
However, in the patients of our study

treated with ICI or TT plus radiotherapy
(i.e., most patients), the dynamic 18F-FET
PET parameter TTP was not able to further
improve diagnostic accuracy in terms of
differentiation between treatment-related
changes and BM relapse. Most probably,
this finding is related to the relatively low
number of patients available for dynamic
data evaluation. Conversely, a recent study
suggested that the dynamic 18F-FET PET
parameter TTP might be helpful for differ-
entiating pseudoprogression from BM re-

lapse in NSCLC patients (n 5 11) who underwent radiotherapy in
combination with ICI (41). In that study, however, both the low
number of time frames (range, 5–8 frames) and the long duration
of time frames (5 min each) in the applied dynamic PET scanning
protocol do not allow a meaningful analysis of 18F-FET uptake
over the time, especially in the early phase of dynamic PET ac-
quisition (i.e., 0–20 min after injection).
Notwithstanding, regarding assessment of response to a treat-

ment regimen including ICI or TT, we observed that the change in
the dynamic parameter TTP at follow-up PET imaging seems to be
of value to identify both metabolic responders and nonresponders.
Furthermore, the observed decline in metabolic activity as assessed
by TBRs in responding patients ($10% compared with baseline
imaging), which was associated with a significantly longer stable
follow-up, is similar to glioblastoma patients who had a metabolic
18F-FET PET response to chemoradiation with temozolomide (42).
Taken together, our findings highlight that newer treatment options

have requirements on neuroimaging that cannot be met by conven-
tional MRI. Non–amino acid PET tracers also seem to be of value for
treatment monitoring of these newer treatment options for patients
with BM. For example, the tracer 39-deoxy-39-18F-fluorothymidine,
an analog of the nucleoside thymidine and a marker for cellular
proliferation, was used in BM patients secondary to MM treated with
immunotherapy using ICI or TT (43). It was observed that respond-
ing patients may show a more pronounced proliferative reduction on
39-deoxy-39-18F-fluorothymidine PET than the reduction of contrast
enhancement on standard MRI.

FIGURE 3. A 67-y-old patient with multiple BMs secondary to NSCLC treated with surgery

followed by nivolumab (patient 9; Supplemental Tables 3 and 5). 18F-FET PET at follow-up is

consisted with mixed response. Besides reduction of metabolic activity in some lesions, right

occipital lesion, in particular, shows increasing metabolic activity (TBRmean increase, 10%). In

contrast, corresponding MRI suggested partial response according to iRANO criteria. Patient died

2 mo later. CE 5 contrast-enhanced.
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Nevertheless, the present study had several limitations. Because
of its retrospective nature, the findings should be interpreted with
caution and warrant confirmation by a prospective study. One might
argue that the number of included patients was relatively low.
Nevertheless, our dataset included the highest number of patients
treated with ICI or TT, predominantly with radiotherapy, who were
monitored with 18F-FET PET (in part even with serial scans), allow-
ing a more profound evaluation of this clinically promising imaging
technique. Another putative weakness was the heterogeneity of the
applied treatment. Apart from clinical trials, this heterogeneity rep-
resents a real-life constellation in many brain tumor centers and
reflects the current concept of personalized medicine in cancer pa-
tients. Furthermore, because multiple lesions frequently occurred
and tissue for neuropathologic evaluation obtained by biopsy was
not available, radiologic and clinical criteria had to be used for the
final diagnosis for most lesions. However, in clinical routine, ethical
issues or medical contraindications frequently influence the indica-
tion for a biopsy. Since alternative diagnostic methods such as liquid
biopsy are clinically not yet established, the assessment of response
by radiologic and clinical criteria is a reasonable alternative.

CONCLUSION

Our findings suggest that 18F-FET PET is a useful method in
clinically challenging situations, especially when conventional MRI
is equivocal. The detection of BM relapse with high accuracy, as
well as the reliable assessment of response, is essential for optimiz-
ing patient counseling and the treatment concept for each patient.
Furthermore, this approach achieves an accuracy that is sufficient to
influence clinical decision making and may therefore help to reduce
the number of invasive diagnostic interventions and overtreatment
for a considerable number of seriously ill patients with BM. A larger
prospective study is warranted to confirm the clinical usefulness of
18F-FET PET–derived imaging parameters for treatment monitoring
of regimens that include newer treatment options such as ICI or TT.
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KEY POINTS

QUESTION: What is the diagnostic value of 18F-FET PET in patients

with BM undergoing IT or TT?

PERTINENT FINDINGS: Amino acid PET using the tracer 18F-FET

may add valuable information for the diagnosis of treatment-related

changes in BM patients undergoing ICI or TT alone or in combina

tion with radiotherapy. 18F-FET PET helps to identify responders to

radiotherapy in combination with ICI or TT. Conventional MRI find

ings can be discrepant (i.e., unchanged or even progressive) in
18F-FET PET responders. Responding patients on 18F-FET PET had

a significantly longer stable clinical course of 6 mo or more

IMPLICATIONS FOR PATIENT CARE: Treatment monitoring using
18F-FET PET achieves an accuracy that is sufficient to influence

clinical decision making and may help to reduce the number of

invasive diagnostic interventions and overtreatment for a

considerable number of seriously ill patients with BM.
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