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ABSTRACT

Purpose of review: This review presents an overview of how advanced imaging
techniques may help to overcome shortcomings of anatomical MRI for response
assessment in patients with brain metastases who are undergoing stereotactic

radiosurgery, immunotherapy, or combinations thereof.

Recent findings: Study results suggest that parameters derived from amino acid PET,
diffusion- and perfusion-weighted MRI, MR spectroscopy, and newer MRI methods are
particularly helpful for the evaluation of the response to radiosurgery or checkpoint
inhibitor immunotherapy and provide valuable information for the differentiation of
radiotherapy-induced changes such as radiation necrosis from brain metastases. The
evaluation of these imaging modalities is also of great interest in the light of emerging
high-throughput analysis methods such as radiomics, which allow the acquisition of

additional data at a low cost.

Summary: Preliminary results are promising and should be further evaluated.
Shortcomings are different levels of PET and MRI standardization, the number of
patients enrolled in studies, and the monocentric and retrospective character of most

studies.

Keywords: Advanced MRI; amino acid PET; checkpoint inhibitors;

pseudoprogression; radiation necrosis



INTRODUCTION

Stereotactic radiosurgery delivers focused, highly conformal, ionizing radiation to a
tumor delineated using high-resolution imaging, with low toxicity to adjacent brain
structures. Its precision is particularly valuable for tumors located within critical
functional tissue such as the brainstem, the optic pathway, or basal ganglia. In patients
with brain metastases, randomized controlled and prospective trials have
demonstrated higher local control rates and improved preservation of cognitive
functions after stereotactic radiosurgery compared to whole-brain radiotherapy 2.
Additionally, in terms of overall survival, stereotactic radiosurgery without whole-brain
radiotherapy in patients with 5-10 brain metastases is non-inferior to that in patients
with 2-4 brain metastases 3. Its minimal-invasive nature makes it an attractive
alternative to neurosurgical resection. Stereotactic radiosurgery can act as the primary

modality in treating brain metastasis or serve as (neo)adjuvant treatment to surgery.

The advent of immunotherapy using immune checkpoint inhibitors has considerably
improved the prognosis of extracranial cancer, especially in patients with melanoma,
lung cancer, or breast cancer. Recent trials have demonstrated that patients with brain
metastases may also benefit from these agents. In particular, the blockade of immune
checkpoints such as the cytotoxic T-lymphocyte-associated protein 4 or programmed
cell death receptor-1 axis (PD-1 and PD-L1) has resulted in a significant improvement

of overall survival 47,

Furthermore, besides targeted therapies, checkpoint inhibitor immunotherapy also
allows for the concurrent delivery with radiosurgery, with possible additive or
synergistic effects, expediting the treatment of both extracranial and intracranial

metastatic disease. For example, data from 150 patients with more than 1,000 brain
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metastases revealed that the application of radiosurgery concurrent to checkpoint
inhibitor immunotherapy (defined as + 5 biological half-lives) was associated with the

highest overall response rate and most extended response durability 8.

However, imaging findings on anatomical contrast-enhanced MRI following
radiosurgery combined with targeted therapies or checkpoint inhibitor immunotherapy
may be highly variable and equivocal, making the differentiation of treatment-related
effects from local brain metastases recurrence challenging °'°. For example, a
checkpoint inhibitor-related pseudoprogression or even symptomatic radiation

necrosis may occur ''-'7, considerably affecting the response assessment.

For response assessment, the Response Assessment in Neuro-Oncology (RANO)
Brain Metastases committee reported consensus criteria for non-measurable (e.g.,
contrast-enhancing lesions < 10 mm in diameter on anatomical MRI, leptomeningeal
disease, cyst-only lesions) and measurable brain metastases (contrast-enhancing
lesions of = 10 mm) '8 Importantly, response evaluation for non-measurable
metastases are based only on qualitative assessments of present, absent, and
unequivocal disease progression on follow-up MR imaging '8. Furthermore, patients
with small brain metastases < 5-10 mm in diameter are not infrequent and have,
therefore, non-measurable disease according to these criteria. Thus, these
considerations make the inclusion of such patients in clinical trials involving newer

treatment options challenging.

We here aim at providing an overview of alternative imaging techniques that may help

to overcome these challenges.



POTENTIAL OF ADVANCED MRI

While anatomical MRI provides detailed structural information with high spatial
resolution on both the healthy brain and brain tumors, advanced MRI methods provide
additional quantitative information at the functional, physiologic, and molecular levels.
Due to the increasing number of available MRI scanners with higher field strengths
(i.e., an ultra-high field at 7 T) and spatial resolution, smaller lesions (< 5-10 mm in
diameter) can also be evaluated. Parameters obtained from perfusion- or diffusion-
based MRI and MR spectroscopy are most frequently used for advanced MR imaging.
Current MRI research also focuses on the chemical exchange saturation transfer

(CEST), including the amide proton transfer for brain tumor imaging.

Early Response Assessment using Advanced MRI

Predicting which patients are likely to demonstrate a favorable response to
radiosurgery within a short period has a significant clinical impact. For evaluating the
response to radiosurgery in patients with brain metastases using perfusion MRI,
predominantly the relative cerebral blood volume '® and flow 2°, and the efflux rate of
gadolinium contrast from blood plasma into the tissue 2’22 have been evaluated. These
studies’ main finding is that early changes of these parameters within the first weeks
(range, 6-12 weeks) after stereotactic radiosurgery allow predicting long-term
response (range, 6-12 months). A more recent study evaluated newer perfusion MRI
metrics such as intravoxel incoherent motion in comparison to the relative cerebral
blood volume for response assessment at baseline, one week, and one month after
stereotactic radiosurgery 2. However, these parameters could not differentiate

responders from non-responders.



Another option for the evaluation of response to radiosurgery in patients with brain
metastases is diffusion MRI. Predominantly apparent diffusion coefficients calculated
from diffusion MRI have been evaluated. A few studies have suggested that these
values increased during follow-up after radiosurgery in patients showing a treatment
response 2527, Conversely, another study reported that especially lower apparent
diffusion coefficients already at one week and one month identified responders to
radiosurgery ?8. Lee and colleagues described that pretreatment apparent diffusion
coefficients could predict response with a sensitivity and specificity of 86% and 73%,

respectively 2°.

Single voxel proton MR spectroscopy data obtained from 26 patients with brain
metastases before treatment suggested that both a higher lipid signal at baseline and

a decrease of the lipid peak at follow-up are associated with a favorable outcome 0.

Desmond and co-workers used CEST imaging, including amide proton transfer-
weighted images, to evaluate radiosurgery effects at one week and one month
compared to baseline imaging in 25 patients with brain metastases 3'. The study
results suggest that various CEST imaging parameter changes can predict tumor
volume changes at one month after stereotactic radiosurgery, indicating its potential

for early response assessment.

Differentiation of Treatment-related Effects from Brain Metastasis Recurrence
using Advanced MRI
Chuang and colleagues 3? examined the value of various parameters derived from

perfusion MRI and MR spectroscopy to differentiate treatment-related necrosis from
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brain metastasis recurrence. The main finding of that meta-analysis, including 95
patients with brain metastases, was that MR spectroscopy and perfusion MRI might
increase the accuracy of differentiating recurrent tumors from radiation-induced
necrosis. In particular, various MR spectroscopy metabolite ratios and the relative
cerebral blood volume derived from perfusion MRI in contrast-enhancing lesions were
significantly different in recurrent brain metastases than radiation necrosis. Notably,
available studies on perfusion-weighted MR imaging reported a considerable variability
of diagnostic performance (i.e., sensitivity and specificity) and thresholds for relative
cerebral blood volumes 333 Although this technique separates radiation-induced
changes from brain metastases recurrence with reasonable accuracy in individual
studies, the significant variability of reported thresholds and methodology indicates that

further studies and standardization are warranted.

In comparison to relative cerebral blood volumes and amino acid PET parameters,
apparent diffusion coefficients calculated from diffusion MRI do not seem to be of value
for distinguishing of radiation-induced injury from brain metastases recurrence after

stereotactic radiotherapy of brain metastases 3940

A preliminary study in 16 patients treated with radiosurgery suggested that various
amide proton transfer CEST MR imaging metrics allow a statistically significant

separation between radiation necrosis and brain metastases recurrence .

POTENTIAL OF PET
For brain tumor imaging using PET, many radiotracers are available, which target a
high number of molecular and metabolic processes with considerable specificity 4244,

Especially radiolabeled amino acids are of particular interest for PET imaging of brain

7



metastases because of their increased uptake in metastatic tissue but low uptake in
the healthy brain parenchyma, resulting in an improved tumor-to-brain contrast 4.
Recently, the PET RANO group has analyzed the clinical value of amino acid PET in
the diagnostic evaluation in this group of patients. This report highlights the value of
this imaging technique over and above conventional MRI especially for differentiating
treatment-related changes from brain metastases recurrence 46. Within the group of
amino acid PET tracers, especially in Europe, the tracer O-(2-['8F]-fluoroethyl)-L-
tyrosine (FET) is frequently used 434748 |n both gliomas and brain metastases,
increased uptake of radiolabeled amino acids is related to transporters of the L-type
(subtypes LAT1/2), which are overexpressed in these types of tumor tissue 4°-%2. Thus,
the LAT transporter overexpression in brain metastases makes these tumors a

compelling target for amino acid PET imaging °2.

Furthermore, to evaluate the anti-tumoral activity of various treatment options in
patients with brain metastases, other tracers than radiolabeled amino acids may also
be of interest. For example, the radiolabeled analog to the nucleoside thymidine 3'-
deoxy-3"-["®F]-fluorothymidine (FLT) was developed to assess cellular proliferation by

tracking the thymidine salvage pathway %3.

Moreover, recent efforts have focused on Immuno-PET, which uses antibody-based
radiotracers to image specifically the expression of tumor-associated antigens such as
immune checkpoints on T-cells or tumor cells %*. Additionally, advances in antibody-
engineering provide the prerequisite to develop antibody-based molecules coupled

with anticancer drugs for the use as Immuno-PET radiotracers.



Early Response Assessment using PET

A recent study in a larger series of patients (n=40) with melanoma or non-small cell
lung cancer brain metastases (n=107) treated with checkpoint inhibitors or targeted
therapy combined with radiosurgery reported that FET PET provides important
diagnostic information in terms of response assessment °°. In contrast to response
determination based on contrast-enhanced MRI changes, metabolic responders on

FET PET had a significantly longer progression-free survival.

A prospective PET study evaluated the tracer FLT to determine cellular proliferation as
a surrogate marker for treatment response °¢. Data suggested that in a subset of
patients with melanoma brain metastases treated with checkpoint inhibitors or targeted
therapy, metabolic responders may have improved survival. Importantly, FLT PET
responders showed reduced proliferative tumor activity despite predominantly

unchanged contrast enhancement on MRI.

The steadily increasing use of immune checkpoint inhibitors has also prompted the
development of PET tracers to image the expression of immune checkpoints PD-1 or
PD-L1 . A first-in-human study % suggests that Immuno-PET using nivolumab
labeled with Zirconium-89 may be valuable for response assessment. In that study, all
extracranial non-small cell lung cancers of 13 patients exhibited increased uptake in
whole-body PET/CT scans. Furthermore, 2 of these 13 patients had brain metastases,
and tracer accumulation in the majority, but not in all brain metastases was observed.

This finding was most probably related to small lesion size or low PD-1 expression 8,

Differentiation of Treatment-related Effects from Brain Metastasis Recurrence

using PET



Mostly amino acid PET has been studied to differentiate radiosurgery-induced changes
such as necrosis from brain metastasis recurrence. For example, PET using [''C]-
methyl-L-methionine  (MET) and  3,4-dihydroxy-6-['®F]-fluoro-L-phenylalanine
(FDOPA) has consistently demonstrated high sensitivity and specificity in the range of
80% for this clinically significant differentiation 5962, Another study compared FDOPA
PET with perfusion MRI for this indication %’. In that study, FDOPA PET parameters
out-performed perfusion MRI metrics. Another study suggested that the diagnostic
performance of MET PET also seems to be superior to apparent diffusion coefficients
calculated from diffusion-weighted MR imaging °. Compared to MET and FDOPA
PET, static and dynamic FET PET parameters showed similar diagnostic performance

for this differentiation with high sensitivity and specificity of 80-90% 63-65.

A further study in patients with melanoma brain metastases suggested that amino acid
PET using FET can identify checkpoint inhibitor-related pseudoprogression . In that
pilot study comprising 5 patients, imaging findings were correlated with the clinical
course after the initiation of the checkpoint inhibitor therapy with ipilimumab. In the
case of pseudoprogression, FET PET showed in contrast to the progressive MRI only
insignificant tracer uptake, and the patient had a favorable outcome with a progression-
free survival longer than 6 months. An illustrative case with treatment-related effects
following combined immune checkpoint blockade with ipilimumab and nivolumab

identified using FDOPA PET is presented in Figure 1.

POTENTIAL OF RADIOMICS
Although various imaging modalities are available for patients with brain tumors,
including brain metastases, clinical image interpretation usually uses only a fraction of

the underlying complex, high-dimensional digital information from the acquired imaging
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data. The growing availability of high-performance computing allows the extraction of
quantitative imaging features from medical images that are usually beyond human
perception. Especially radiomics allows the extraction of quantitative features from
standard-of-care neuroimages from CT, MRI, or PET, and may provide additional,
potentially relevant diagnostic information for decision-making ¢’. Since these features’
computation is possible on already acquired neuroimages during routine follow-up, this
information can be provided at a low cost. Furthermore, radiomics features can be
used either independently or combined with other clinical information to generate
predictive mathematical models. Subsequently, these models can be tested for various
important diagnostic indications in neuro-oncology, e.g., to differentiate between
treatment-related changes and brain tumor recurrence or to predict treatment

response.

Radiomics can be divided into feature-based and deep learning-based radiomics ©&.
Feature-based radiomics (e.g., textural features) use predefined imaging features
extracted from preprocessed and segmented medical images. Using machine learning
techniques, a subset of these features is selected for the model generation related to
the research question. On the other hand, deep learning-based radiomics does not
require image segmentation or predefined imaging features. Here, artificial neural
networks imitate the human visual system’s function and automatically extract high-
dimensional features from the original images at different abstraction levels.
Subsequently, these artificial neural networks learn autonomously characteristic

patterns and classify them.

In patients with brain metastases, the additional diagnostic value of both

conventional/advanced MRI %70 and amino acid PET radiomics ’*72 has been reported
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to differentiate radiation-induced changes from brain metastases recurrence.
Therefore, the question arises whether a combined MRI and amino acid PET radiomics
analysis encodes more diagnostic information for this differentiation than either
modality alone. Accordingly, a more recent study has addressed the value of
combining FET PET and MRI radiomics for this critical question 73. Fifty-two patients
with progressive contrast-enhancing lesions on MRI after radiosurgery were
additionally investigated using FET PET. Textural features were extracted from MR
and FET PET images. Feature selection was limited to a maximum of 5 parameters to
avoid overfitting, and logistic regression models were generated for the combined
PET/MRI features and each modality alone. The combination of MRI and FET PET
features achieved the highest diagnostic accuracy of 89% (specificity, 96%; sensitivity,
85%), supporting the use of multimodal radiomics analyses for clinically relevant

diagnostic purposes.

CONCLUSION

The current body of literature suggests that both amino acid PET and advanced MRI
methods are of great value for assessing brain metastases with the potential to
overcome the limitations of conventional MRI. On the other hand, it should be noted
that the available studies in the field have predominantly retrospective character, were
performed mostly in single centers, and typically included only a low number of
patients. Prospective studies with a higher number of patients, ideally in a multicenter
setting with standardized MR imaging protocols, are warranted to overcome these

shortcomings.

From the methodological point of view, amino acid PET is a robust and attractive

approach for clinicians. It provides comparable results across different scanners, which
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is related to national and international efforts regarding the standardization of PET
acquisition and evaluation for brain tumor imaging. Recently, joint practice guidelines
were developed by the European Association of Nuclear Medicine (EANM), the Society
of Nuclear Medicine and Molecular Imaging (SNMMI), the European Association of
Neuro-Oncology (EANO), and the RANO PET committee 4. In contrast, although the
standardization of both MRI acquisition protocols and advanced MRI methods is
ongoing 7578, to date, self-developed or self-optimized MRI acquisition protocols as
well as pre- and post-processing tools are frequently used in clinical routine, which

hampers comparability and reproducibility of the results.

To conclude, advanced MRI combined with amino acid PET has the potential to
become an essential diagnostic tool for improving the clinical management of patients
with brain metastases. The evaluation of these imaging modalities is also of great
interest in the light of emerging high-throughput analysis methods such as radiomics.
The increasing advent of hybrid PET/MRI scanners offers a great research potential
for comparative studies using both modalities in a single session, but the clinical
benefits of hybrid imaging need to be balanced against this approach’s relatively high
costs. Furthermore, the increasing availability of ultra-high field MRI scanners with
higher spatial resolution may help develop novel advanced MRI techniques in neuro-
oncology because almost all MRI contrasts benefit from the improved signal-to-noise
ratio. Finally, further implementation of various advanced MRI methods as well as
amino acid PET in clinical routine requires the validation of neuroimaging findings by

neuropathology.
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FIGURE LEGEND

Figure 1: Contrast-enhanced MRI and FDOPA PET of a 56-year-old male patient with
a PD-L1-positive and BRAF-mutated malignant melanoma with metastases in the liver,
axillary and inguinal lymph nodes, lung, and brain (i.e., in the left cerebellum, left insular
cortex, and right precentral and postcentral gyrus). The systemic first-line therapy
consisted of encorafenib and binimetinib; the brain metastases were treated
concurrently with radiosurgery. After 10 months, new metastases in the lung and left
kidney prompted a change in treatment. Radiologically, the brain metastases showed
no signs of tumor progression. Two months after initiation of immune checkpoint
blockade with ipilimumab and nivolumab, MRI suggested tumor progression of the
pretreated metastasis in the left cerebellum (bottom row). In contrast, additional
FDOPA PET showed no increased metabolic activity indicating checkpoint inhibitor-

related pseudoprogression.
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