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Foreword

Brain metastases are one of the most challenging complications of cancer.
Patients with cancer are living longer, and consequently, brain metastases are
seen more often and from primaries not traditionally associated with brain
metastases, such as prostate or endometrial cancer. These findings suggest
that the central nervous system may be a sanctuary site for solid tumors,
much in the way that it is for hematologic malignancies. If so, this suggests
that microscopic tumor reaches the brain over the course of the disease, per-
haps even by initial diagnosis, and therapies that may control the disease
elsewhere can’t penetrate an intact blood-brain barrier and eradicate the
tumor residing within the brain parenchyma. This can lead to the delayed
appearance of brain metastases in some patients, and in others, the brain can
be the sole or residual site of disease. The therapy of brain metastases has
improved over the years, in part by becoming more focal, but most patients
still succumb. Much of the therapeutic challenge of brain metastases comes
from the unforgiving nature of the brain itself and its relative vulnerability to
the toxicities of standard treatment modalities.

The growing prevalence of brain metastases brings an urgency for better
understanding of their biology and treatment. Clarity on the mechanisms of
brain metastasis formation may enable the development of preventative and
novel therapeutic approaches. Thus, this book is timely because it addresses
both the basic mechanisms of brain metastasis formation and the current
treatments that have given many patients long-term survival. The authors and
editors are to be congratulated for such a comprehensive review of this criti-
cally important subject, and it is highly valuable to have the full spectrum of
this topic consolidated in a single book. Hopefully, the considerable research
effort now being directed towards brain metastases will lead to both improved
prevention and therapeutics to reduce the morbidity and mortality associated
with this deadly metastatic complication of solid tumors.

Lisa M. DeAngelis
Department of Neurology

Memorial Sloan Kettering Cancer Center
New York, NY, USA



Preface

In 2011, the first European meeting exclusively dedicated to brain metastases
entitled “Brain Metastases Research and Emerging Therapies Conference”
was organized in Marseille, France, on October 5, under the impulsion of
Prof. Philippe Metellus with the support of Aix-Marseille Université. The
goal of this meeting was to galvanize neurosurgeons, neurologists, neuro-/
medical oncologists, radiation oncologists, pathologists, neuroimaging spe-
cialists, and biologists involved in the field to foster new collaborations
between physicians, translational researchers, and basic scientists in this
wide and growing field of interest in oncology. Interestingly, at the same year,
a similar initiative was launched in Cleveland, thanks to Prof. Manmeet
Ahluwalia with objectives almost identical to those of the European counter-
parts. Also, in 2011, the results of the first large phase III randomized clinical
trial assessing the role of adjuvant WBRT after both surgery and stereotactic
radiosurgery in oligometastatic brain metastatic patients were published by
Prof. Riccardo Soffietti and colleagues in the Journal of Clinical Oncology.
Since that time, we have had multiple opportunities to interact and share our
experience and expertise in the field. Finally, in 2016, during a lunch at the
sixth edition of the Brain Metastases Research and Emerging Therapies
Conference in Marseille, France, we thought of the idea of editing a book that
would represent a source reference for brain metastases.

Indeed, brain metastases are the most common intracranial malignancy,
accounting for significant morbidity and mortality in cancer patients. An esti-
mated 20-45% of all patients with cancer will develop brain metastases.
Metastatic brain disease is ten times more common compared to primary
brain tumors. The most frequent cancers that metastasize to the brain include
lung, breast, and colorectal cancers, melanoma, or renal cell carcinoma. The
number of patients diagnosed with brain metastases has increased recently.
This is due to an earlier and better detection of these tumors with the wide-
spread use of modern imaging techniques but also due to the improvement of
systemic treatments resulting in an improved overall survival of these patients.
Brain metastases are thought to occur via seeding of circulating tumor cells
into the brain microvasculature; within this unique microenvironment, tumor
growth is promoted, and the penetration of systemic medical therapies is lim-
ited. Of all sites of organ colonization, brain metastases are associated with
the worst prognosis, with a median survival of less than 1 year on average,
associated with an impaired quality of life due to associated physical and
cognitive deficits. Despite recent improvements in the treatment of systemic
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disease and associated brain metastases with multimodal approaches includ-
ing the combination of surgery, radiotherapy, chemotherapy, immunotherapy,
and targeted therapies, the median survival of patients with metastatic brain
lesions is approximately 7-24 months from diagnosis. Therefore, understand-
ing how cells target specific organs, whether differences exist in this target-
ing, and factors critical to cell survival following dissemination is also
important for developing optimal treatments for metastatic and resistant
tumors. Hence, a personalized plan for each patient, based on molecular char-
acterization of the tumor used to better target radiotherapy and systemic treat-
ment, is undoubtedly the future of brain metastasis management.

The aim of this book is to provide a comprehensive review of each aspect
of brain metastases, from basic science to clinical management and potential
future trials. This book comprises 32 chapters divided into 5 parts.
Epidemiology, pathology, and molecular biology of brain metastases as well
as preclinical model principles will constitute the first part. Clinical and
radiological presentation along with symptoms management will be detailed
in the second part. The third part will be dedicated to local (surgery and radio-
therapy) and systemic (chemotherapy, immunotherapy, and targeted therapy)
approaches with an emphasis on the combination of these modalities. In the
fourth part, toxicity of treatment will be described with a focus on neurocog-
nitive function and quality-of-life impact. Finally, the last part will cover
prognostic classification issues and future trial design.

The chapters of this book represent state-of-the-art knowledge about these
secondary tumors regarding their biology, clinical behavior, and management
strategies. We believe that this textbook will be valuable for scientists involved
in brain metastases research, for neurosurgeons, neuro-oncologists, medical
oncologists, radiation oncologists, and all physicians who may called on to
manage brain metastases.

We owe considerable thanks to Springer staff who have been involved in
all the publications in this series. Especially, we would like to thank Donatella
Rizza for her efficient and proactive support during the planning of this vol-
ume. Her input has been instrumental in ensuring publication. Above all, we
thank our colleagues who wrote the chapters and put up with our frequent
prodding and cajoling. They have done an outstanding job. Finally, we would
like to thank Lisa DeAngelis and Michael Weller who kindly accepted to
write a foreword for this book.

Cleveland, OH Manmeet Ahluwalia
Marseille, France Philippe Metellus
Torino, Italy Riccardo Soffietti



Editorial

A new comprehensive look at central nervous system metastasis

Metastasis to the central nervous system has been a major area of clinical
research at the interface between neuro-oncology and general oncology for
decades. How and when in the course of disease cancer cells gain access to
the central nervous system has remained enigmatic in many disease settings
but is highly relevant to develop better diagnostic and prevention strategies.
Because of its impact on the quality of survival, which is increasingly recog-
nized as an important parameter of success for treatment in oncology, control
of CNS metastasis will become an even more important topic in the upcom-
ing years. This is because several approaches of systemic treatment, be it
immunotherapy or targeted therapy, allow for prolonged survival in cancers
hitherto associated with a poor prognosis, such as non-small cell lung cancer
or melanoma. In how far these novel treatments allow the control of CNS
disease is currently an area of controversy and may require further in-depth
studies. Furthermore, several treatments in oncology have neurotoxicity as
their major side effect, not only, traditionally, radiotherapy to the nervous
system but also classical cancer chemotherapy drugs as well as novel
approaches such as immune checkpoint inhibition or CAR T cell therapy.

In this framework, the editors provide a comprehensive look at the topic of
central nervous system metastasis focusing on epidemiology, pathology, and
molecular biology (Part I); clinical radiological presentation and manage-
ment (Part II); surgery, radiation therapy, and systemic treatments (Part III);
toxicity from treatments (Part IV); and, finally, prognostic classifications and
future trial design (Part V). The editors are commended for having convinced
a group of internationally renowned experts in the respective fields of central
nervous system metastasis to provide such an up-to-date critical review of the
evidence and outlook into what may be expected from the years to come.

Zurich, Switzerland Michael Weller
Lille, France Emilie Le Rhun
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Epidemiology of Central Nervous
System Metastases

Linda Dirven and Martin J. B. Taphoorn

1.1 Introduction

Cancer is the second leading cause of death glob-
ally, with 8.8 million deaths in 2015 [1]. Systemic
cancer commonly spreads to the central nervous
system (CNS) continuing to be a major cause of
morbidity and mortality [2]. Although the major-
ity of CNS metastases are parenchymal, metasta-
ses can also occur in the leptomeninges, dura, or
in the adjacent cranium [3].

CNS metastases are the most common brain
tumors [4], and its incidence is rising which
is likely attributable to prolonged survival of
patients, thereby increasing the time for tumor
cells to metastasize to the CNS. The increased
incidence rate of CNS metastases is a direct
result of improved neuroimaging techniques to
detect (asymptomatic) lesions, as well as the
availability of better treatment modalities for
systemic cancer [5, 6]. Moreover, the CNS is per-
ceived as a sanctuary for metastatic tumor cells,
where tumor cells are protected by the blood—
brain barrier, immune system, and the tumor
microenvironment from full exposure to many
chemotherapeutic agents [7], as well as targeted

L. Dirven (><)) - M. J. B. Taphoorn
Department of Neurology, Leiden University Medical
Center, Leiden, The Netherlands

Department of Neurology, Haaglanden Medical
Center, The Hague, The Netherlands

e-mail: l.dirven@lumc.nl;
m.taphoorn@haaglandenmc.nl

© Springer Nature Switzerland AG 2020

treatment and immunotherapy. Treatment of CNS
tumors therefore remains a challenge.

The exact incidence or prevalence of brain
metastases is unavailable, and estimates vary
considerably. This is mainly due to different
data sources that have been used to estimate the
occurrence of CNS metastases, ranging from
large national registries to hospital-based stud-
ies and autopsy studies. Also, selection bias may
have occurred in observational studies as not all
patients with cancer are screened for brain metas-
tases, particularly those who are asymptomatic,
resulting in an underestimation of the true inci-
dence. Incidence rates also vary between primary
cancer types. Cancers most likely to metastasize
to the brain are lung, breast, melanoma, renal, and
colorectal cancers [8—10]. However, it is antici-
pated that in the coming years, brain metastases
will be more frequently diagnosed in patients
with tumors that are less likely to metastasize to
the brain, due to prolonged survival of patients
and better imaging techniques. Other factors that
contribute to a higher incidence of brain metasta-
ses are patient- and tumor-related characteristics
such as race, sex, age, and disease stage [8].

Early identification and treatment of patients
with CNS metastases is important as progno-
sis remains poor. Median overall survival rates
range from approximately 4 to 14 months [9,
11], mainly depending on primary tumor (sub)
type and performance status [11], presence of
extracranial disease to multiple sites [12], as well

M. Ahluwalia et al. (eds.), Central Nervous System Metastases,
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as first-line treatment modality [9]. Overall sur-
vival rates of patients vary significantly between
primary tumor types, and subtypes, but the
reported mean 5-year overall survival rate for
patients with brain metastases is only 2.4% [13].
Considering the poor survival of CNS metastases
patients, treatment should not only be aimed at
prolonging survival, but also on limiting neuro-
toxicity. Maintenance of health-related quality of
life and neurological and neurocognitive func-
tioning should therefore be one of the main goals
of treatment in this patient population.

Understanding the epidemiology of CNS
metastases may lead to further consideration of
early screening of the brain in patients with sys-
temic cancer with a high risk of brain relapse.
Also, new insights in the incidence of CNS
metastases, as well as on the impact of new sys-
temic treatment on brain metastases, may help
clinicians in counselling individual patients in
daily clinical practice and may help research-
ers to refine clinical trial design. This chapter
focuses on the epidemiology of CNS metastases,
in particularly of the parenchyma, of patients
with lung, breast, melanoma, renal, and colorec-
tal cancer.

Detection of CNS Metastases
with Imaging

1.2

Magnetic resonance imaging (MRI) is the
most sensitive technique in the assessment of
CNS metastases. In a study with non-small
cell lung cancer (NSCLC) patients, the accu-
racy for detecting brain metastases was higher
with whole-body MRI compared to positron-
emission-tomography/computed tomography
(PET/CT); 50% versus 10%, respectively. In the
remaining patients, brain metastases were only
detected with dedicated brain MRI, suggesting
that brain MRI is superior to whole-body MRI
[14]. Another study also found that brain MRI
was superior to CT [15]. In this study, patients
with histologically proven lung cancer underwent
scanning with MRI and two CT techniques. In
only 27% of patients, the CT techniques resulted
in the same conclusion as MR imaging. In half

of the patients in which MRI and CT results dif-
fered, the MRI detected brain lesions in which CT
did not, while in the other half of the patients the
CT underestimated the number of lesions. Thus,
MRI seems the golden standard for the detection
of CNS metastases, but other techniques may in
some cases result in similar findings. This is par-
ticularly valuable for patients who do not undergo
standard follow-up with MRI. In that case, PET/
CT including the brain in the scanning field could
be considered, because additional information
can be obtained with this method, with a mini-
mum increase in radiation burden. A large study
with cancer patients showed that 1% patients had
brain metastases on PET/CT, with the majority
(92%) of these patients being asymptomatic [16].

Even if brain MRI is used, not all sequences
seem equally sensitive in detecting brain metas-
tases. In a study where six MRI sequences
were available for patients with metastases
from melanoma, it was shown that contrast-
enhanced T1-weighted imaging was most sen-
sitive. Approximately 7% of all lesions were
only detected by contrast-enhanced T1-weighted
imaging, and not with the other sequences [17].
These results suggest that disruption of the
blood-brain barrier may be the earliest sign of
CNS metastases in melanoma.

1.3  Incidence of CNS Metastases

Most recent studies on the prevalence or incidence
rates of CNS metastases from systemic cancer are
population-based studies, including large regis-
tries and hospital-based studies. Although several
autopsy studies have been published, no recent data
is available. These autopsy studies are published
approximately 40 years ago, and reported brain
metastases in about a quarter of all patients, which
was high compared to population-based studies in
the same time period [18, 19]. However, with new
imaging techniques and the availability of better
treatment modalities for systemic cancer, inci-
dence rates of brain metastases from systemic can-
cer in currently conducted studies are more similar
to those in previously conducted autopsy studies.
However, differences exist between primary can-



1 Epidemiology of Central Nervous System Metastases

cer types. Patients with lung, breast, melanoma,
colorectal, and renal cancer have the highest risk
of developing brain metastases. Also, the identi-
fication of molecular subtypes has resulted in a
better differentiation in the occurrence of brain
metastases. Other patient- and tumor-related fac-
tors are also associated with the incidence of brain
metastases, particularly age, race, and disease
stage (see Table 1.1 for an overview).

1.3.1 Lung Cancer

Incidence rates between 9 and 46% have been
reported for the lung cancer population [8, 20—
27]. However, the incidence varies per study
design and particularly for different subpopula-
tions. The latter may help in selecting patients
who are eligible for more frequent screening of
the brain.

One small study suggested that the incidence
of brain metastases in NSCLC was higher than
in SCLC patients [24]. However, reported inci-
dence rates for patients with NSCLC vary widely,
between 9 and 39.1% [21-23, 26, 28], with the
squamous subtype having the lowest incidence
[21, 24]. More consistent incidence rates have
been reported for SCLC patients, ranging between
18 and 24% [21, 25, 27, 29]. Incidence over time
for both NSCLC and SCLC is variable, but was
found to be higher in SCLC. Over a 13-year
period, 11% (1973-1985), 10% (1986—1998),
and 7% (1999-2011) of non-metastatic NSCLC
patients had brain metastases, versus 14%, 32%,
and 15% of SCLC patients in the same periods,
respectively [21].

Besides histology, the molecular profile of the
tumor has also an impact on the incidence of brain
metastases. The brain is the main site of relapse
in NSCLC patients with EGFR-mutated tumors
[26]. Indeed, the presence of an EGFR mutation
in NSCLC resulted in a higher incidence of brain
metastases (HR 2.24, 1.37-36.4) [22]. Incidence
rates of brain metastases for patients with EGFR-
mutated tumors between 35.3 and 46.2% [23, 26]
have been reported, compared to incidence rates
between 29.7 and 32.8% [23, 26] for patients
with EGFR wild-type tumors, although EGFR

subtypes resulted in similar incidence rates [22].
In contrast, the frequency of brain metastases at
diagnosis ranged from 21.7 to 25% and was sim-
ilar for patients with EGFR-mutated (24-26%)
and EGFR wild-type (21.1-24.6%) tumors,
respectively [23, 26]. The median time from
diagnosis to the occurrence of brain metastases
was not significantly different between EGFR-
mutated and EGFR wild-type patients, 18 ver-
sus 14.9 months respectively [28]. Nevertheless,
patients with EGFR mutation did have more
often multiple brain metastases and less often
cerebral edema [28]. Also other genetic varia-
tions result in different incidence rates, including
ROS1-, ALK-, and RET-rearranged tumors [20].
For example, in RET-rearranged patients, an inci-
dence rate of 46% has been reported, with 25% of
patients already presenting with brain metastases
at diagnosis of stage IV lung cancer [20].

An important determinant of the occurrence of
brain metastases is disease stage, increasing with
more advanced disease stage [30]. Indeed, the
2-year cumulative incidence rate for brain metas-
tases was higher in patients with stage III SCLC
compared to patients with stage I/Il SCLC (21%
versus 10%, respectively) [29]. Similarly, 3-year
cumulative incidence rates of 9.7%, 18.5%, and
35.4% have been reported in stages I, II, and III,
respectively [27]. The cumulative incidence of
brain metastases in stage IV NSCLC was found
to be 30.7% [23]. This is also shown by the find-
ing that the incidence of brain metastases only,
without concurrent metastatic disease in other
sites, is low (0.8%) [30].

Besides more advanced disease [8, 21, 22, 27,
29, 30], factors that were found to be predictive
for the occurrence of brain metastases included
African American race [8], female sex [8, 21],
and age <60 years [8, 21, 22]. For patients with
SCLC, lymphovascular invasion also increases
the risk of developing brain metastases [27].

1.3.2 Breast Cancer

Large registry studies have reported incidence
rates of brain metastases from breast cancer rang-
ing between 0.4% and 9.2% [8, 31-33], which has
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increased over time, from 6.6% in 2002 to 10.9%
in 2004 [33]. An important factor that impacts the
incidence of brain metastases in breast cancer is
the molecular subtype [12, 31, 32, 34-36]. One
study reported that particularly hormone receptor
(HR)-positive tumors impact the occurrence of
brain metastases [34]. In contrast, another study
found that particularly human epidermal growth
factor receptor 2 (HER2) was an important deter-
minant: HER2-positive/HR-negative tumors had
a higher cumulative incidence rate than patients
with HER2-positive/HR-positive tumors, 14.3%
versus 7.9%, respectively [35]. This was supported
by two large studies showing that HER2-positive
tumors have the highestincidence of brain metasta-
ses (1.0-5.9%), followed by triple negative breast
cancer (0.7-4.9%), and HER2-negative tumors
(0.2-1.5%) [31, 32]. Nevertheless, patients with
triple negative breast cancer have a high incidence
of early brain metastases [37]. Indeed, the median
duration between breast cancer diagnosis and the
occurrence of brain metastases was shortest for
triple negative breast cancer (10-23.5 months)
[37, 38], followed by HER2-positive (19 months)
and HER2-negative subtypes (42 months) [38].
Moreover, the brain is the first metastatic site in
a large proportion of patients (42.9%) with triple
negative breast cancer compared to 20-23.6% of
the patients with other subtypes [34].

Most breast cancer patients have metachronous
(i.e., occurring in consecutive order) brain metas-
tases. Only a small proportion (0.41%) of breast
cancer patients had brain metastases at the time of
diagnosis of the primary tumor. HER2/HR-negative
patients had the highest frequency of brain metasta-
ses at diagnosis (1.09%), followed by triple negative
breast cancer (0.68%), HER2/HR-positive (0.61%)
and HER2-negative/HR-positive (0.22%) patients
[12]. The incidence of brain metastases increases
when patients already have metastatic disease is
other sites, particularly for patients with HER2-
positive and triple negative subtypes [32, 37].

Besides HER2-positive and triple negative
breast cancer subtypes [12, 31, 32, 35] and meta-
static disease in other sites [8, 12, 32], African
American race [8] and age < 40 years [8, 35]
were also found to be associated with the devel-
opment of brain metastases in breast cancer.

1.3.3 Melanoma

Although lung cancer is the most frequent pri-
mary tumor resulting in high incidence rates of
brain metastases, melanoma has the highest pro-
pensity of all cancers to spread to the brain [39].
This is supported by the finding that of all patients
with distant-stage disease, those with melanoma
show the highest incidence proportion for brain
metastases [8]. The incidence of brain metas-
tases from melanoma differs between studies,
with incidence rates ranging from 6.9% as mea-
sured in the SEER registry [8], to 15% as mea-
sured in a clinical trial [40], and incidence rates
between 10.1 and 18.5% in hospital-based stud-
ies [17, 41]. The frequency of brain metastases at
diagnosis of the primary tumor is low (0.65%),
while the incidence is quite high (28.2%) in case
patients already have metastatic disease in other
sites [10]. Next to the presence of metastases in
other sites, African-American race, male sex, and
age <60 years were associated with a higher inci-
dence of brain metastases [8].

1.3.4 Renal Cancer

Reported incidence proportions for brain metas-
tases of renal cancer are similar to those of mela-
noma, with an incidence proportion of 6.5% in
a SEER registry [8], an incidence rate of 7% in
a clinical trial [42], and incidence rates ranging
between 5.3 and 22.8% for hospital-based studies
[43—-48]. The incidence rate of brain metastases
at diagnosis of the primary tumor was low in two
large registry studies, ranging from 1.37% in the
National Cancer Database [49] to 1.51% in the
SEER registry [8], and high (26.8%) in a small
hospital-based study [46]. The incidence rates
of brain metastases at diagnosis in renal cancer
appear relatively stable over time, varying from
1.31, 1.65, 1.49, and 1.61% in the years 2010—
2013 [49].

Currently, no molecular subtypes in renal can-
cer have been identified that are associated with
the occurrence of brain metastases. In contrast,
histological subtype [8], specifically sarcomatoid
and clear cell subtypes [49], age >50 years [8,
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49], white or other race [8, 49], larger tumor size
[49], and more advanced disease stage [8, 49]
were associated with an increased risk of brain
metastases.

In contrast to the other cancers, the incidence
of brain metastases in renal cancer patients is
affected by previous anti-tumor treatment. The
incidence of brain metastases was 1.6 times
higher for patients previously treated with tyro-
sine kinase inhibitors (TKI), compared to those
not receiving TKI [43]. On the other hand, the
incidence did not differ between patients treated
with or without anti-angiogenic agents (18.2%
versus 15.7%, respectively) [48]. Despite the
type of previous treatment, the median time
to the occurrence of brain metastases was lon-
ger in treated patients: 28.9 and 28 months for
those treated with anti-angiogenic agents or TKI,
respectively, compared to 11.8 and 11.5 months
for those not treated [43, 48].

1.3.5 Colorectal Cancer

Colorectal cancer has a low incidence of brain
metastases compared to melanoma, lung, and
breast cancer. Incidence rates vary between 0.5
and 8.8% for hospital-based studies [50-53],
and between 0.2 and 1.8% in two large registry
studies [8, 54]. The higher incidence in one of
the hospital-based studies (8.8%) [50] is likely
due to the fact that only metastatic patients were
included, since the variation in the other studies
was small (0.5-2.3%). The difference between
the two SEER registry studies is striking, but may
be explained by the period in which the studies
were conducted. The study by Barnholtz-Sloan
et al. covered the period 1973-2001 and found an
incidence proportion of 1.8% [8], while Qiu et al.
found an incidence proportion of 0.2% in a more
limited period, between 2010 and 2011 [54].
Although the duration of the period is different,
the number of patients included in the studies is
similar (42.817 [8] versus 35.882 [54]), as well as
other population characteristics.

Brain metastases are a late-stage phenom-
enon in colorectal cancer patients, with median
times from primary diagnosis to the occurrence

of brain metastases ranging between 21 and
39 months [51, 52], and 12.5 months in a popula-
tion with metastatic colorectal cancer only [50].
Factors that are associated with the incidence
of brain metastases in colorectal cancer are age
<60 years, White or African American race [8],
and the presence of metastatic disease in other
sites, particularly the lung [50, 54] or liver [54].

1.4  Number of Brain Metastases

Many studies have shown that the number of
brain metastases is independently prognostic for
overall survival, in which an increasing number
of metastases are associated with worse sur-
vival [37, 41, 51, 52, 55-60]. Also, the number
of metastases varies widely in cancer patients.
However, in the Recursive Partitioning Analysis
(RPA) classification of prognostic factors, devel-
oped in the late 90s [61-63], the number of brain
metastasis was not included. Studies combin-
ing different primary tumor types have shown
that most patients have solitary brain metasta-
ses, ranging from 50.8% up to 81%, but that a
large part also has multiple metastases [16, 60,
64-66]. It should be noted, though, thatin 11% of
cases brain lesions are not solitary brain metas-
tasis, but primary brain tumors, abscesses or
inflammatory reactions [67]. In patients with an
unknown primary cancer, the majority (66%) of
patients had multiple brain metastases [56]. The
recognition that the number of brain metasta-
ses is important for prognosis led to the devel-
opment of a new prognostic score, the Graded
Prognostic Assessment (GPA), in which the num-
ber of metastases was included [68]. However,
because it was questioned whether one index was
sufficient for all different tumor types [69], the
Diagnosis-Specific GPA (DS-GPA) was subse-
quently developed, also taken into account the
primary tumor type [70]. Although these more
recent prognostic scores include the number of
brain metastases, it has also been suggested to
include the velocity with which the brain metas-
tases develop into the prognostic score, the Brain
Metastasis Velocity (BMV). The BMV is a novel
prognostic metric for survival after brain relapse.
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Patients are categorized based on the number of
new brain metastases per year: low (<4 metasta-
ses), intermediate (4—13 metastases) or high (>13
metastases). It was shown that BMV was the
main predictor for overall survival in multivari-
able analysis, with increasing risk of death for the
groups with higher BMV [58].

The distribution of the amount of brain metas-
tases was found to vary between different pri-
mary tumor types, but also between subgroups
of patients. Solitary brain metastases in lung
cancer patients (combining all subtypes) were
reported in 26.8% of the patients, while 32% had
2—4 metastases, 21.1% had 5-10 metastases and
20% had >10 brain metastases [55]. With respect
to different molecular subtypes, patients with
an EGFR mutation in NSCLC who developed
brain metastases more than 6 months after initial
diagnosis of lung cancer had more often multiple
brain metastases compared to those with EGFR
wild type (92% versus 63%, respectively) [28].

The percentage of patients with solitary brain
metastases from breast cancer ranged from 24.9
to 57.4% [34, 55, 57, 59]. Although several stud-
ies found that the number of brain metastases was
similar for all breast cancer subtypes [34, 38], one
small study found that HR-negative patients had
significantly more brain metastases compared to
HR-positive patients (15 versus 7, respectively),
and that HER2-negative patients had signifi-
cantly more brain metastases compared to HER2-
positive patients (15 versus 8, respectively) [71].
Although most studies reported on solitary versus
multiple metastases only, Ali et al. further speci-
fied that 28.5% of breast cancer patients had 2—4
metastases, 22% had 5—-10 metastases, and 21.3%
had >10 brain metastases [55]. Similarly, another
study found that 21.9% of breast cancer patients
had 2—4 brain metastases, but that the majority
(53.2%) of patients had >4 brain metastases [34].

Compared to breast cancer, similar frequen-
cies of solitary metastasis have been reported for
melanoma, ranging between 22.1 and 55% [17,
41, 55, 72]. Two studies showed that 13.2—18.3%
of melanoma patients had two metastases and
34.8-41.8% more than three [41, 72]. Although
the patient populations were similar, one study
found that only a minority of patients had a large

number of brain metastases (i.e., 8.5% had 5-10
metastases and 2.5% had >10 metastases) [55],
while another study showed that a large propor-
tion (40.5%) of patients had >5 brain metastases
[17]. The distribution of the amount of metasta-
ses was relatively even distributed for patients
with and without BRAF mutation; 38% versus
39% had solitary metastasis, 37% versus 45%
had 2-5 metastases, and 26% versus 16% had >5
metastases, respectively [72].

The distribution of the number of brain metas-
tases was different for those with renal and gas-
trointestinal cancers, where most patients have
solitary brain metastases. Indeed, reported fre-
quencies of solitary brain metastasis in renal
cancer ranged between 40.8 and 68.1% [44, 46,
55]. A smaller proportion of patients had 2—4
brain metastases (34.9%), and only a minority of
patients had 5-10 (16.5%) or > 10 brain metasta-
ses (7.8%) [55]. The frequency of solitary brain
metastases in patients with gastrointestinal can-
cer was 38% [55], and ranged between 45% and
52.6% for patients with colorectal cancer specifi-
cally [51, 52]. Moreover, Ali et al. reported that
37.9% of the patients with gastrointestinal can-
cer had 2—4 brain metastases, 17.2% had 5-10
metastases and 6.9% had >10 metastases [55].
The two studies in patients with colorectal can-
cer showed that 13.3-21.1% of the patients had
two metastases and between 26.3% and 41.7% of
patients had >3 brain metastases [51, 52].

1.5  Spatial Distribution of Brain

Metastases

Understanding the spatial distributions of brain
metastases from a specific primary cancer may
help informing individual patients on their
prognosis [71] and in selecting the appropriate
treatment strategy. It is believed that biological
characteristics of tumors affect the spatial distri-
butions of their brain metastases [38]. Sampson
et al. found that brain metastases from mela-
noma were distributed throughout the brain in
proportion to the mass of the location; 36.1%
of the metastases were located in the frontal
lobes, 26.4% in the parietal lobes, 18.9% in the
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temporal lobes, 10.6% in occipital lobes, 7% in
the cerebellum and 0.9% in the brainstem [41].
However, this may not hold true for the different
primary tumor types. For example, brain metas-
tases from colorectal cancer show a different pat-
tern: 43.6% had metastases in the cerebellum,
25.6% in the frontal lobes, 10.3% in the tempo-
ral lobes, 15.4% in the parietal lobe, and 5.1%
in the occipital lobe [53]. Moreover, for patients
with brain metastases from breast cancer, it was
found that the molecular subtype was associated
with the location of the metastases. In a small
sample of breast cancer patients, the main spot
for metastases was found to be evenly distributed
in the brain for triple negative breast cancer sub-
type, while HER2-positive and HER2-negative
subtypes tended to occur mainly in the occipital
lobe and cerebellum [38]. Moreover, patients
with HER2-positive tumors developed cerebellar
metastases significantly more often compared to
patients with HER2-negative tumors, both when
looking at the HER2-status of the primary breast
tumor (59.8% versus 44.5%, respectively) and the
HER2-status of the brain metastases (51.5% ver-
sus 28.2%, respectively) [71]. Patients with estro-
gen receptor (ER)- and/or progesterone receptor
(PR)-positive tumors had a lower incidence of
hippocampal metastases than patients with ER-
and/or PR-negative tumors: 1.6%, 2.8%, 9%, and
8.3% for PR-positive, ER-positive, ER-negative
and PR-negative tumors, respectively. Patients
with triple negative breast cancer had signifi-
cantly more often (31.4%) leptomeningeal dis-
ease as compared to non-triple negative breast
cancer patients (18.3%) [71].

1.6  Synchronous Versus
Metachronous Brain

Metastases

In most cancer patients, brain metastases are a
late-stage phenomenon [40, 50, 73, 74]. Indeed,
a large population-based study showed that only
a small proportion (1.7%) of cancer patients pre-
sented with synchronous brain metastases, i.e., at
the time of primary cancer diagnosis, although
this varied by primary tumor type, age, sex, and

race [75]. Lung cancer had the highest propor-
tion of synchronous brain metastases at diagno-
sis, with 15.1% for SCLC and 10.7% for NSCLC
patients. Other cancers in which brain metasta-
ses occur synchronously are esophageal cancer
(1.5%), renal cancer (1.4%), melanoma (1.2%)
and colon cancer (0.3%). For breast cancer, the
proportion depended on subtype, with 0.7% for
triple negative breast cancer, 0.8% for HER2-
positive and 0.2% for both HER2-negative and
HR-positive tumors [75].

Limited patients develop extracranial metasta-
ses after the occurrence of brain metastases [74],
while having metastatic disease in other sites
facilitates spread to the CNS [12, 50]. This could
be due to the spreading of metastatic disease that
is mediated by mechanical vascular spreading
[76], or that the delivery of cancer cells to dif-
ferent organs varies in efficiency [77]. The first
hypothesis is supported by one study in which
significantly higher rates of brain metastases
in patients with rectal cancer were observed in
patients who already had lung metastases when
compared to those with existing liver metastases
and local recurrence (22.6% versus 2.9% versus
3.6%, respectively). In addition, there was a dif-
ference in the mean time that brain metastases
occurred after lung, liver or local relapse (732,
345, and 398 days, respectively) [73]. Also, the
incidence of brain metastases increases with
more advanced disease stage [22, 29]. The sec-
ond hypothesis is currently under investigation,
in which genes that mediate metastases to the
brain are explored [78, 79].

As mentioned, for most cancers, brain metas-
tases occur metachronously. Of non-squamous
NSCLC patients who developed brain metasta-
ses during their disease course, nearly half of the
patients already had multiple metastatic sites,
compared to 73% of patients who presented
with initial brain metastases [26]. Furthermore,
between 57-87% of patients with renal cancer
developed brain metastases metachronously [42,
46]. The most common site of concurrent metas-
tases in renal cancer was the lung, followed by
bone and liver metastases [44, 48, 49]. Nearly
all patients (86.4-100%) with colorectal cancer
have extracranial metastases at the moment brain
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metastases are diagnosed [51-53, 74], of which
the lungs, and to a lesser extent the liver, were the
most common extracranial site (74-79%) [50,
52-54]. For most colorectal patients (67—69.3%)
brain metastases evolved metachronously [50,
74]. Particularly in patients with a solitary brain
metastasis, this metastasis developed metachro-
nously instead of synchronously [74]. Having
extracranial disease at multiple sites was associ-
ated with a higher risk of having brain metas-
tases at diagnosis of breast cancer [12]. Indeed,
patients with breast cancer had multiple meta-
static sites at the moment of brain metastases
diagnosis [33, 34, 80]. Of the patients with triple
negative breast cancer, 43.8% had synchronous
brain metastases and other metastatic disease
at diagnosis, in which lymph, lung, bone, and
liver were the commonly involved sites [37].
The site of metastatic disease depends on the
molecular subtype, with synchronous metastatic
disease occurring more often in HER2-positive
and triple negative breast cancer subtypes. For
example, the incidence of synchronous disease
in the bone, lung, and liver was 28% and 30.8%
for HER2-positive and triple negative breast
cancer subtypes versus 13.2-19.6% for HER2-
negative subtypes, respectively [32]. In patients
with high-risk melanoma, brain metastases
occurred synchronously with extracranial metas-
tases in 44.1% of patients, and metachronoulsy
after systemic metastatic disease in 42.4% [40].
The presence of extracranial metastases was not
associated with BRAF-status [72]. Although
unknown if the brain metastases occurred syn-
chronously or metachronously, the proportion
of melanoma patients with simultaneous brain
and extracranial metastases was high, ranging
between 45.9 and 83.5% [41, 72], and the lung
was the site most commonly involved [41].

1.7  Conclusion

Brain metastases are the most common brain
tumors, and their incidence is increasing due
to improved neuroimaging techniques to detect
(asymptomatic) lesions and improved treatment
for systemic cancer which results in prolonged

survival. Although the exact incidence of brain
metastases remains unknown, incidence rates
vary largely between primary tumor type and
even for different subtypes. Moreover, the differ-
ent tumor (sub)types vary in the number of brain
metastases, their spatial distribution, and the
order in which they occur (i.e., synchronously or
metachronously). Understanding these patterns
may guide clinicians in counselling individual
patients in daily clinical practice, as prognosis of
the underlying disease is a critical factor in treat-
ment decision-making.
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Pathology of Brain Metastasis

Dana A. Mustafa, Rute Pedrosa, and Johan M. Kros

2.1 Introduction

With an annual incidence of around 10 cases pro
100,000 population, cerebral metastases defi-
nitely belong to the group of frequently occur-
ring brain tumors [1, 2]. At least 25% of cancer
patients will develop metastatic disease in the
brain [3], while seeding in the spinal cord is
relatively rare. There are substantial differences
in organotropism between tumors of different
organ systems. Cancers of lung, breast, GI tract,
kidney, and melanomas prominently give rise
to brain metastases [2, 4]. Prostate carcinomas
however avoid the brain, underscoring particular
predilections of circulating tumor cells of various
lineages. There is great variation in the clinical
situations encountered at the time cerebral metas-
tasis is diagnosed. The cerebral metastasis may
occur in the course of a known primary tumor,
but may also be the first revelation of the presence
of tumor. Cases in which the site or origin of the
primary tumor is not known are not uncommon.
The abbreviation ACUP or CUP (adenocarci-
noma/carcinoma with unknown primary) is used
for disseminated tumor without an apparent pri-
mary site, and is estimated to occur in up to 15%
of disseminated cancers [5]. The brain metasta-
sis may arise as single lesion, or multiple intra-
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cerebral tumors may be present. Intracerebral
tumors and meningeal localization may occur
simultaneously, or appear separated in time. The
median survival following the diagnosis of brain
metastasis varies with the different conditions
and characteristics of the primary tumors and lies
somewhere between a few months and 2 years.
Taken into consideration all possible clinical
situations, variations in susceptibility of tumors
to radiation and chemotherapy, and variations in
the possibility to radically remove single lesions,
general guidelines for treatment are hard to pro-
vide. Obviously, the dissemination of tumor cells
to the brain invariably means a serious, and often
deadly, complication of cancer.

2.2  Tissue Diagnosis

As for all metastases, brain metastases will
resemble their primary tumors to various extent.
Classic histopathological features like the forma-
tion of tubular structures and the production of
mucus by the tumor cells define adenocarcinoma
but are unspecific as to the origin of the primary
tumor. The same is true for the formation of kera-
tin plugs that fits in with the diagnosis of squa-
mous cell carcinoma. Metastases of melanoma
may give away their identity by the presence of
melanin pigmentation, but does not reveal where
the primary tumor may be located. The same is
true for signs of neuroendocrine differentiation
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in the metastasis. Immunohistochemistry to tis-
sue sections addressing many proteins from a still
growing list for classifying tumors has become a
powerful tool in routine pathology practice that
has prevailed for over 35 years by now. However,
the profiles of different tumor entities may over-
lap. For instance, the particular combination of
cytokeratin 7 and 20 will point to the origin of a
metastatic tumor in either the upper or lower GI
tract, or the respiratory system. Neuroendocrine
differentiation demonstrated by the expression of
chromogranin, synaptophysin, CD56, or CD57
is present in various cancers and is therefore
unspecific as to tumor origin. The expression of
particular transcription factors that are known for
the development of particular organs from which
tumors may arise, usually overlap and are there-
fore not specific either. However, the relative fre-
quency of the occurrence of tumors may facilitate
making the diagnosis. For instance, the expres-
sion of the transcription factor TTF-1 is a strong
hint to the lung as organ of origin, while this fac-
tor is also expressed in tumors originating from
the thyroid. There are only few truly specific
markers as PSA and PSAP for prostatic carcino-
mas, or thyroglobulin for tumors derived from
the thyroid. For making the diagnosis of germ
cell tumors and lymphomas, immunohistochem-
istry is inevitable, but will not be decisive if the
tumor represents primary or metastatic tumor. In
recent years molecular characterization, in par-
ticular the use of molecular techniques for clonal
analysis, became an important tool to match the
primary tumor with the metastasis, particularly in
cases of simultaneous presence of more than one
primary tumor.

There is an interface of the cerebrospinal fluid
(CSF) with choroid plexus (blood—CSF barrier);
an interface of CSF with ependymal cells (neuro-
ependymal CSF-brain barrier) and an interface
of the outer rim of the cerebral cortex, the pial
astrocytes, with CSF (pia-arachnoid -CSF bar-
rier) [6]. Basically, all these barriers have to be
considered when scrutinizing the entrance sites
of tumor cells into the CNS, but usually only the
BBB is taken into consideration and implicated in
investigations. Besides intracerebral localization,
tumor cells may be present in the subarachnoi-
dal space where they freely float in the CSF. One
may wonder if the tumor cells used the choroid
plexus as entrée or, alternatively, made their
way by somehow passing through the dura and
arachnoid, which would constitute yet another
routing. It is estimated that between 4% and 15%
of cancer patients develop CSF metastases. This
condition (“‘carcinomatous meningitis””) comes
with distinct clinical symptomatology [7]. There
is preference of particular cancers to dissemi-
nate into CSF: cancers of the breast, the lung,
and the gastrointestinal tract, and melanomas are
the most common tumors presenting with CSF
metastasis. The tumor cells are detected upon
sedimentation, or following spinning (centrifu-
gation) of the sample (Fig. 2.2). More than is the
case in brain biopsies, the morphology of tumor
cells present in CSF may be unspecific so that
immunocytochemistry is needed in order to pro-
ceed in the diagnostic process. There are major
issues of sensitivity and specificity in CSF diag-
nostics and there are ongoing efforts using mass
spectroscopy to trace tumor localization in the
absence of tumor cells [8-10].

2.3  Gateways to the Brain
Currently, there is great interest in the behavior of
tumor cells that have entered the blood stream and
their potential to home to distant sites. The pro-
cess of crossing the blood-brain barrier (BBB)
and subsequent proliferation in brain tissue are
crucial steps for the rise of cerebral metastases.
Apart from the BBB, there are more entry sites
to the brain that are often overlooked (Fig. 2.1).

24 Mechanisms to Pass
the Blood-Brain Barrier

and Intracerebral Outgrowth

In order to reach the brain, tumor cells first need
to dissociate from the primary tumor and enter the
blood stream, then cross the blood vessel walls of
the brain. Dissemination from a metastatic site
may also occur. After crossing the BBB, tumor
cells must survive and proliferate in the brain
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Fig. 2.1 (a) Blood-brain barrier: The endothelial cells of
the blood vessel (central, horizontal structure) are covered
by the end-feet of astrocytes (brown) (magnification
x400; GFAP staining). (b) Pia-arachnoid-CSF barrier: the
arachnoidal space is bordered by the brain surface (pia,
left side) and the outer arachnoidal layer (right side).
There are blood vessels running through the arachnoidal
space (magnification x100; H&E staining). (¢) Neuro-

tissue to develop brain metastasis. Studies have
shown that very few breast cancer cells that enter
the brain survive (less than one pro 1000 cells)
[11]. Particular tumor cell subsets have the inva-
sive capacity to give rise to metastasis [10, 12].
For instance, breast cancer cells need to have a
CD44+/CD24- phenotype to successfully sustain
in the cerebral microenvironment. It is speculated
that there are specific niches where circulating
tumor cells (CTCs) reside in a dormant state for
an unknown period of time, before moving on to
finally home in particular organs or tissues [13].
The CTCs need time to arrest in blood vessels
before migrating into distant organs, a process
known as metastatic latency [14]. The adhesion
of the CTCs to the vascular endothelium is an
essential step in the process of metastasis and
specificities of the vascular cells on the one hand,
and the expression of particular surface receptors
by the CTCs, on the other hand, are crucial for

ependymal CSF-brain barrier and blood—CSF barrier: the
cerebral ventricle lined by an ependymal cell layer (brain
tissue is covered by these cells; upper part) and choroid
plexus present in the ventricle (lower part) (magnification
x200; H&E staining). Yet, another entrée routing to brain
are the blood vessels of dura and outer part of the arach-
noid, that connect the peripheral circulation with the CSF

successful homing and subsequent transgression
[15]. In the process of adhesion, inflammatory
cytokines play a role, but many more molecules
are involved [16, 17].

The BBB consists of the endothelium of the
intracerebral vessels, the end-feet of astrocytes,
the basal membranes between these cells and
the surrounding cells, i.e., pericytes and possibly
other mural cells [18]. The BBB endothelial cells
are interconnected with more tight junctions than
endothelial cells elsewhere usually have. Tight
junctions consist of proteins like occludin and
claudin and junctional adhesion molecule like
JAM-A, JAM-B, and JAM-C [19]. The constitu-
ents of the basal membrane between the endo-
thelial cells and the surrounding cells are only
partly known [20]. There is little data on local
variation in the composition of the basal lami-
nas, and also individual variations, for instance,
due to aging, and have not been yet explored
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Fig.2.2 (a) T1-weighted
image (gadolinium) with
attenuation of the
meninges, most obvious at
the left frontal lobe,
indicative of CSF
dissemination of tumor. (b)
T1-weighted image
(gadolinium) showing
attenuation of the
meninges around the spinal
cord, compatible with CSF
dissemination of the tumor.
(¢) CSF spin preparation
revealing tumor cells
(toluidine staining,
magnification x100)

in detail. Astrocytes secrete factors that lead to
the adequate association between the cells of
the BBB and the formation of strong tight junc-
tions. Astrocytes end-feet express Kir4.1K* chan-
nels and aquaporin 4 that regulate BBB ionic
concentrations [21]. Additionally, astrocytes
secrete various growth factors that are important
to the formation of tight junctions, like vascu-
lar endothelial growth factor (VEGF), glial cell
line-derived neurotrophic factor (GDNF), basic
fibroblast growth factor (bFGF), and angio-
poietin-1 (ANG-1) [22]. Pericytes are located
between the endothelial cells and the end-feet
of the astrocytes. They are important regulatory
cells for the maintenance of both homeostasis
and hemostasis in the BBB [23]. Both pericytes
and astrocytes are essential for BBB maintenance
through the activation of platelet-derived growth
factor receptor-B (PDGFRB) signaling, and the
regulation of proteins like occludin, claudin and
Z0O-1 [24]. The specific role of pericytes and
other mural cells and possibly other cells like
microglia and macrophages in maintaining the
BBB is largely unknown. Tumor cells clasp to the

blood vessels to get nourishing and protection,
and may eventually start dividing to form sheaths
around the vessels. Following a certain time
period of adhesion to the vascular walls, tumor
cells will make efforts to pass through the vessels
to reach the brain tissue. The tumor cell migra-
tion through the blood vessels may occur in vari-
ous ways, e.g., by migrating between endothelial
cells (paracellular diapedesis), or through pores
present in individual endothelial cells (transcel-
lular diapedesis).

Once penetrated through the BBB, tumor cells
may again reside in a dormant state for unknown
time periods, before the cells further progress
into the brain. Tumor outgrowth in the brain
microenvironment is based on the genetic predis-
position and cellular adaptation mechanisms of
the tumor cells and is largely dependent on the
cross-talk between tumor cells and brain-resident
cells [25] (Fig. 2.3). Once tumor cells make con-
tact with astrocytes, extensive cross-talking ulti-
mately resulting in the progression of the tumor
cells in the brain takes place (Fig. 2.4). The first
cells to interact with are the astrocytes, either the
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Fig. 2.3 Microscopic images showing various patterns of
infiltration of metastatic tumor cells. (a) Perivascular
tumor propagation, with incipient infiltration of neuropil.

(b) Metastatic tumor infiltrating in brain. The brain tissue
contains reactive glial cells. (¢) Subependymal tumor

Fig. 2.4 Tissue biopsy of brain metastasis (H&E stain-
ing, magnification x200). Adenocarcinoma (glandular
organization of the tissue) infiltrating brain tissue, in
which reactive astrocytes and some inflammatory cells are
present

subset that takes part in the BBB complex, or
other astrocytes present in the neuropil. During
the first encounter between the tumor cell with
the astrocytes IL-1P, tumor necrosis factor-a
(TNF-a), tumor growth factor-p (TGF-f), and
IL-6 are expressed by the astrocytes [26]. Upon
stimulation by cGMP, also factors as interferon-
alpha (INFa) and tumor necrosis factor (TNF)
are expressed [27]. On their turn, these factors
activate signal transducer and activator of tran-
scription 1 (STAT1) and NF-kB pathways in the
tumor cells that promote further cell proliferation
[28]. Matrix metalloproteinases (MMPs) play an
important role in intracerebral tumor progres-

spread. Tumor cells are present under the ependymal lin-
ing of the ventricle. Similar tumor cell routes may be seen
under the pial surface or along white matter tracts. (a:
magnification x100; b, ¢: magnification x200; all H&E
stained)

sion [29]. The particular subtypes of MMPs are
capable of specifically degrading occluding and
claudin, structural proteins that are components
of the BBB. Other MMPs degrade collagen type
IV that is a major component of the blood vessel
basal membranes. There are interactions between
cyclooxygenase 2 (COX-2) and particular MMP
subtypes [30]. Interestingly, the expression of
COX-2, the epidermal growth factor receptor
ligand HBEGF, and the a2,6-sialyltransferase
ST6GALNACS genes were associated with the
formation of brain metastasis in breast cancer
patients [31, 32].

In order to further colonize the brain, the
tumor cells will use strategies to adhere to the
basal laminas and start interacting with the brain
microenvironment to proceed. At this stage of
infiltration, there is continuation of the interac-
tion with matricellular proteins (CD44, CD24)
and matrix metalloproteinase (MMP2) in con-
cert with interleukins and plasma urokinase
[33]. The NF-kB pathway stimulates the MMPs
by uPA to activate endopeptidases to make way
for the tumor cells [28]. The chemokine stromal
cell-derived factor 1o (SDF-1a, also known as
CXCL12) and its receptor CXCR4, a frequently
expressed receptor in a variety of tumor cells, are
also involved in the invasion of the cancer cells
[34]. Other proteins that relate to the formation of
brain metastases include heparanase and cathep-
sin B [35]. Heparanase is regulated by EGFR/
HER2 signaling and is expressed by astrocytes
as well as endothelial cells [36]. Although cer-
tain molecular interactions are general to tumors
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of different origin, there may well be differences
based on properties of particular tumor cell lin-
eages. So far, this important aspect has largely
remained unexplored.

Cancer Stem Cells
and the Epithelial-
Mesenchymal
Transformation

2.5

Over recent years, the phenomena guiding tumor
cells to the brain became the object of investi-
gations. The concept of cancer stem cells (CSC)
that guarantee unlimited cellular proliferation,
and that of epithelial to mesenchymal transition
(EMT) have been proposed to describe the cel-
lular and molecular mechanisms by which tumor
cells metastasize [37]. CSCs are defined by pat-
terns of particular gene expression and are piv-
otal for tumor self-renewal, but also for keeping
tumor cells in a quiescent state prior to reacti-
vation and becoming metastatic. CSCs undergo
the process of EMT to deliver cells ready for
metastasis. The underlying molecular pathways
are mediated by transforming growth factor {3
(TGFp) that downregulates epithelial genes and,
at the same time, upregulates genes active in the
mesenchymal cells [38]. For the maintenance
of CTCs and the EMT, aberrant signaling of the
Notch, Hedgehog and Wnt/p-catenin pathways is
essential. By the influence of TGFp the adhesion
molecule E-cadherin is suppressed and the cells
lose their epithelial characteristics and together
with stimulating mesenchymal genes, transform
into a proinvasive phenotype. In fact, these cells
combine mesenchymal characteristics as the
expression of fibronectin and vimentin with the
expression of stem cell genes [39]. TGFR orches-
trates the expression of transcription factors, the
zinc fingers SNAI1 (Snail), SNAI2 (Slug), and
E-homeobox 1 (Zebl) and 2 (ZEB2), charac-
teristic of mesenchymal transformation, while
the expression of E-cadherin is suppressed [40].
Besides TGFB also signal transducer and activa-
tor of transcription 3 (STAT3) plays a role in the
activation of TWIST [41]. In the cerebral metas-
tases of breast, lung, kidney, and colon, upregula-

tion of these transcription factors was described,
underscoring their role in invasiveness of the
tumor cells.

The MAP kinase pathways are also involved
in the process of EMT by downregulation of
E-cadherin and upregulation of N-cadherin and
matrix metalloproteinases [42, 43]. There is a
link with BRAFYE mutations that are common
in melanomas, which are known for their predi-
lection of spreading to the brain [44]. TGFB also
activates P13K that on its turn uses integrins to
activate Akt kinase [45]. Interestingly, the alpha-v
integrin levels are associated with the number of
cerebral metastases, probably by its involvement
of adhesion of cancer cells to endothelial cells
and the tumor cell motility. There are data indi-
cating that particular genetic variants in P13K,
PTEN, Akt, and mTOR are predictive of the rise
of brain metastasis in NSCLC [46]. Lastly, TGFfp
regulates Rho GTPase activity in the regulation
of cytoskeletal organization, degradation of tight
junctions, and cellular migration [38].

There are several microRNAs involved in
the process of EMT. The genes orchestrated
by these microRNAs mainly influence cellular
adhesion molecules, proteins involved in cel-
lular migration, and oncogenes [47, 48]. It has
been demonstrated that the miR-200 family is
related to the EMT and is specifically downregu-
lated by TGFf [49]. The miR-200 negatively
influences the expression of ZEBI and SIP1
and also represses EMT by silencing ZEB1 and
ZEB2. The expression of miR-429 is correlated
with downregulation of the mesenchymal genes
MMP2, Snail, and ZEB2 [50], and the overex-
pression of miR-200 leads to increased levels
of E-cadherin mRNA stimulating the MET. In
metastatic cells from NSCLC, reduced expres-
sion of genes involved in aggressive invasion was
correlated with the expression of miR-200 [51].
Apart from regulating the EMT-MET phenom-
ena, miRNAs are also steering CSC reproduction
and differentiation. Specifically, miRNAs—miR-
107, miR-0153, miR-204, and miR-218 influ-
ence glioma stem-like cells [52]. Interestingly,
particular miRNAs have shown to be associated
with the various primary tumors giving rise to
brain metastases, and expression studies focused
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on miRNAs have correctly identified the primary
tumors in over 80% of metastases [53]. Other
recent studies demonstrated specific miRNA
expression in the metastases, pointing to a role
in homing of CTCs at particular sites [54]. There
are indications that miRNA action is influenced
by the cancer microenvironment. It was recently
shown that astrocytes are capable of altering the
expression of miRNAs of invading tumor cells
[55]. Various TCGA analyses have revealed site-
specific interactions between microRNAs, CSCs
and cells in the brain microenvironment. The
expression of particular miRNAs in relation to
the expression of factors operative in transgres-
sion of tumor cells through the BBB and subse-
quent invading of tumor cells in brain tissue is an
important observation that may well have reper-
cussions for the development of future therapeu-
tic strategies [36, 56].

2.6 Therapeutic Targets

There is a growing list of targetable molecules for
primary tumors. As a result, there is an increas-
ing demand to include information on therapeutic
susceptibility in the tissue diagnosis of tumors—
and also their metastases. For instance, epidermal
growth factor receptor (EGFR) mutations are tar-
gets for tyrosine kinase inhibitors (TKIs) and are
present in a minority of non-small cell lung can-
cers (NSCLC). In addition, ALK mutations that
occur in a small (<5%) fraction of nonsquamous
cell lung carcinomas can be targeted by TKIs.
Addressing the EGFR mutation status of the
cerebral metastasis seems relevant, particularly
because discordance rates between the primary
tumors and their metastases reportedly are within
acceptable limits. Other examples of targets for
chemotherapy are BRAF mutations, mutations
in ROS1 and CMET. Mutations in CMET may
be present in the cerebral metastasis, while not in
the primary tumors. Recently, therapeutic immu-
nomodulation by immune checkpoint inhibitors
of PD-1 and PDL-1 is added to the therapeutic
arsenal. The concordance rate of the estrogen and
progesterone receptor status between primary
breast cancers and their brain metastases is not

precisely known, but in general, data point to
receptor loss in the metastases. In addition, the
hormone receptor status between various cere-
bral metastases is unexplored—but needs to be
investigated to select for relevant treatment strat-
egies. There is only a minority of HER2-positive
tumors and HER2 status of primary breast can-
cers and their brain metastases allegedly varies
with discrepancies up to 25%. Further explora-
tion is indicated not to miss out on potential suc-
cessful treatment results of the cerebral tumors.
Since the BRAFYE mutation is present in about
half of melanomas and there is data that there
is a high concordance rate of the BRAF status
between metastatic sites, testing for BRAF muta-
tion in any of the melanoma metastasis would be
relevant for treatment.

Questions that need to be answered are: to
what extent the molecular make-up of the metas-
tasis resembles that of its metastasis? Are the
targetable molecules present in all metastases?
And are the targets also present in the metastases
outside of the brain—so that more easily acces-
sible tumor sites can be used for evaluation of the
therapeutic targets? Apart from the presence of
these targets, the accessibility of the brain for the
drugs is important for treatment. Agents against
HER?2 like trastuzumab and pertuzumab do not
cross an intact blood-brain barrier (BBB) easily.
It has been demonstrated, however, that they do
cross when the BBB has been damaged by radio-
therapy or tumor progression. In addition, higher
penetrance of drugs into the brain can be reached
by the potentiating effect of the administration of
particular combinations of agents. Lastly, there is
lack of data on the effect of drugs on CTCs, par-
ticularly those CTCs that are capable of crossing
the BBB.

Molecular Characteristics
Associated with Brain
Metastasis

2.7

There is ongoing debate about the inherent sig-
nificance of particular genetic aberrations to the
metastatic potential of tumor cells (Table 2.1). In
addition, it is questionable whether these aberra-
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Table 2.1 Genes associated with brain metastasis

Primary tumors

Breast Lung Melanoma Colon Kidney
HER2 KRAS STAT3 KRAS VHL
EGFR LKB1 BRAF BRAF BAP1
Cox2 CDH2 NRAS NRAS PIK3R1
HBEGF KIFL1 SIC1 PIK3CA

TP53 ALK P13K/AKT

ST6GALNACS FALZ

BARD!1

RADS1

tions are operative in any of the sequence of events
leading to brain metastasis, or just provide basic
aggressive properties to the tumor cells leading to
invasive characteristics. The interaction between
cancer cells and their surroundings is defining
metastatic potential in the first place, albeit that
such epigenetic interaction may well be influ-
enced by the genetic make-up of the tumor cells.

2.7.1 Lung Cancer

Small cell lung cancers (SCLC), consisting of
approximately 20% of lung cancers, develop
most brain metastases of all lung cancers. SCLC
is treated with chemotherapy and radiation but
relapses are common. The use of checkpoint
inhibitors is being explored, but unfortunately,
not much is known about the consistency of
molecular targets between the primary tumors
and their cerebral metastases. The most com-
mon primary tumor to metastasize to brain is
non-small cell lung cancer (NSCLC), and among
these, the adenocarcinoma histology is most fre-
quently seen (Fig. 2.5). NSCLC represents over
75% of all lung cancers and spread to brain in
roughly 25% of the cases. With survival rates of
no more than 2 months when brain dissemina-
tion has occurred, lung cancer brain metastasis
is among the most deadly complication of can-
cers. In contrast to breast cancers that usually
metastasize to brain late in the course of dis-
ease, lung cancer brain involvement generally
occurs far more quickly. Up to 15% of NSCLC
have activating mutations in epidermal growth
factor receptor (EGFR) tyrosine kinase domain

that matches sensitivity to EGFR tyrosine kinase
inhibitors (TKIs) [57]. So far, good responses
have been reported, particularly by using next-
generation TKIs. Despite response rates of up to
75% for the treatment of primary tumors, no pro-
spective study results are available concerning
the susceptibility of the brain metastases to the
TKIs. There are data suggestive of EGFR TKIs
playing a role as radiosensitizers for subsequent
whole brain radiotherapy [58]. Between 3% and
7% of NSCLC come with the echinoderm micro-
tubule like protein 4 and anaplastic lymphoma
kinase fusion (EML4- ALK) resulting in a chi-
meric protein with constitutive kinase activity
[59, 60]. ALK TKIs and ALK inhibitors are suc-
cessfully applied to the primary tumors. As to the
brain metastases, The ALK TKI crizotinib seems
to sort some effect in the treatment of the cere-
bral metastases [61]. However, crizotinib does
not prevent the rise of new cerebral metastases,
partly explained by poor cerebral penetration of
this drug. Next-generation ALK TKIs, however,
seem to sort better results with responses around
75%. This would be compatible with ALK rear-
rangements being present in the cerebral metas-
tases, but this has not been confirmed by direct
investigation of the brain tumors.

In expression analyses comparing lung can-
cers with and without metastases, over 1500
genes were found to have altered expression,
most of which associated with cell adhesion,
motility, and angiogenesis [62]. In addition,
genes with reduced expression were associated
with cell death and neuroprotection. The expres-
sion of CDH2, KIFL1, and FALz was found to be
predictive of brain metastasis [63]. Interestingly,
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Fig. 2.5 (a) X-ray thorax
showing lymphadenopathy
and tumor compatible with
lung cancer. (b)
T1-weighted image
(gadolinium) showing
ring-enhancing lesion in
the left occipital lobe. (c)
Tissue biopsy of the lesion
shown in b, revealing
tumor tissue (upper left)
infiltrating into brain tissue
(lower right) (H&E
staining, magnification
%x100). (d) Tumor tissue
shown in ¢, stained for
TTF-1. The nuclei appear
dark brown following
positive identification of
TTF-1 expression by
specific
immunohistochemistry
(magnification x200, IHC
for TTFE-1)

CDH2 regulates cell adhesion and is involved in
EMT. In addition, loss of LKB1 and mutation
of KRAS also appeared to be predictive of the
appearance of brain metastases [64]. The expres-
sion of programmed cell death ligand-1 (PD-L1)
was demonstrated in over 20% of brain metas-
tases of NSCLC and appeared to be correlating
with smoking history and preoperative radiation
therapy [65].

2.7.2 Breast Cancer

In general, breast cancer usually metastasizes
to brain relatively late in the course of disease
(Fig. 2.6). This may indicate that at first the
tumor cells lack the potency to disseminate
through the BBB, and not until cellular subsets
have acquired (or were selected for) particular

capacities to cross, colonizing the brain is possi-
ble. Roughly, 25% of patients with breast cancer
have amplification of HER2 and these patients
are more predisposed to develop brain metasta-
ses. It seems that HER2 positive tumors inher-
ently have a predilection for brain. The risk for
this complication increases if the tumors have
negative hormone receptor status. Particularly,
the triple-negative tumors are associated most
with brain metastasis, which is attributed more
to lack of effective systemic treatment than spe-
cific CNS affinity of these tumors. Although
women with HER2-positive cancers are treated
successfully with trastuzumab, a monoclonal
antibody directed to the extracellular domain
of HER2, 25% will develop recurrent disease
and there are indications that these women are
more prone to develop cerebral relapse. The fact
that trastuzumab does not easily pass the BBB
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Fig.2.6 (a)
Mammography revealing
tumor, compatible with
primary breast cancer. (b)
T1-weighted image
(gadolinium) showing
ring-enhancing lesion in
the right frontal lobe,
compatible with metastatic
disease (or high-grade
glioma). (¢) Tissue biopsy
of the lesion shown in b,
compatible with
adenocarcinoma (H&E
staining, magnification
x100)

is an explanation of the association between
HER2-positive tumors treated with trastuzumab
and deadly CNS relapse. Recent clinical studies
revealed a better response of the brain sites to
lapatinib, an inhibitor of HER2 and EGFR. Also
treatment with pertuzumab that inhibits dimer-
ization of HER2 with other receptors has shown
some improvements in the treatment of the brain
metastases. Gene expression analysis of cohorts
of primary breast cancers revealed that 17 out of
243 genes that were associated with metastatic
behavior, were exclusively operative in spread-
ing of cancer cells to brain. The genes COX2,
EGFR ligand HBEGF, and a2,6-sialyltransferase
ST6GALNACS affect cancer cell homing and

passage through the BBB [32]. A recent study
demonstrated the involvement of guanylate-
binding protein 1 (GBP1) in crossing the BBB
by ER-negative breast cancer cells upon immune
escape from T cell action [66]. Although muta-
tions of TP53, PIK3CA, KIT, MLHI, and RB1
were traced in brain metastases of breast can-
cers, none were specific for the cerebral sites
[67]. Differences in methylation status of genes
between primary tumors and their brain metas-
tases were found that underscore differences in
epigenetic gene regulation [68]. Such differences
will have implications for therapeutic strategies
aimed at either the primary tumor, or its cerebral
metastases.
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2.7.3 Melanoma

With percentages of over 50% cerebral dis-
semination, melanoma is highest on the list of
cancers with predilection for brain. So far, the
typical BRAF oncogene mutation that activates
mitogen-activated protein kinase (MAPK) sig-
naling pathway may influence metastatic poten-
tial, but is not specific to brain [69]. The BRAF
mutation is essential for the development of the
tumor, while the MAPK/ERK pathway is opera-
tive in tumor progression and dissemination [70].
The BRAFYK mutation, associated with more
aggressive behavior, is predictive of spreading
of melanoma to brain and lung [71]. Patients
with advanced melanoma were treated with an
anti-CTLA-4 antibody (Ipilimumab) and the
success in response rates was doubled when this
agent was given to patients with BRAF wild-type
tumors that expressed the immune checkpoint
programmed cell death ligand-1 (PD-L1) [72].
The success rates of treatment with nivolumab,
an inhibitor of programmed cell death-1 (PD-
1) also improved if tumors are PD-L1-positive.
These response rates are suggestive of specific
intracerebral action of these agents, but data
from specific studies in PD-L1-positive brain
metastases are lacking. However, there is spe-
cific data on cerebral relapse by the finding that
STAT3, SOCI, and P13K/AKT are operative in
brain metastases derived from melanoma [73]. It
is as yet unclear if activation of the P13K/AKT
pathway results from interaction of melanoma
cells with the brain microenvironment and also,
what the role of MAPK pathway signifies in this
respect.

2.7.4 Colorectal Carcinoma

The genes identified in colorectal carcinomas that
play a role in metastatic behavior include KRAS,
BRAF, PIK3CA, and NRAS. The BRAF muta-
tion was shown to be responsible for a shorter
term to the development of metastases, and the
development of brain metastases in particular
[74]. In addition, there are incidental findings

of BRAFYSX present in a cerebral metastasis of
colorectal carcinoma [71]. The common KRAS
mutation of colorectal cancers seems not to be
specifically linked with brain dissemination,
although KRAS mutations were seen 10 times
more in a small number of colorectal cancers that
gave rise to brain metastases [75]. A similar weak
association is reported for the PIC3CA mutation,
which is strongly associated with the presence of
mutations in KRAS [76].

2.7.5 Renal Cell Carcinoma

Patients with renal cell carcinoma (RCC) who
developed intracerebral tumors live significantly
shorter than those with disseminations to other
organs. Mutations in the von Hippel-Lindau gene
and mTOR are the main drivers in tumorigen-
esis and progression of RCC [77, 78]. Metastatic
RCC is treated with targeted agents that mainly
address angiogenesis and mTOR signaling.
There is suggestion that antiangiogenic agents
decrease the intracerebral complications, but
substantial data are absent [78]. There are also no
significant data on the effects of treatment with
TKIs in patients with RCC who developed brain
tumors, although a single retrospective study has
reported improvements in median survival times
[79]. At this point, the effect of TKIs on the cere-
bral tumors are largely unknown. Expressional
differences were reported between RCCs with
and without metastases and the genes that were
identified appeared to be mainly active in cell
adhesion and extracellular matrix proteins, while
no genes specifically acting in brain dissemina-
tion were reported [80].

2.8 Concluding Remarks

With the increase of numbers of patients suffer-
ing from cancer worldwide, the complication of
brain metastases has risen. Cerebral metastases
may occur early or late in the course of disease
and are usually fatal. Therapeutic interventions
are limited, but targeted therapies, commonly
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directed by the molecular targets present in the
primary tumors, are increasingly used.

The future will learn if drug interventions
directed against particular molecules or pathways
operative in the process of brain invasion from
common primary tumors will be successful in the
clinical setting. Various issues are at stake when
considering such therapeutic intervention. One
may target the metastasized tumor cells, i.e., the
tumor cells present in the brain. To various extent,
intracerebral tumor tissue will still reflect the
molecular characteristics of the primary tumor.
The similarities, but also dissimilarities, between
the tumor cells of the primary tumors and their
cerebral metastases should be taken into con-
sideration when choosing adequate therapy. In
parallel, for targeted treatment of leptomeningeal
disseminated tumor cells, the characterization of
the primary tumor, and of the tumor cells in the
CSF, is important. Obviously, the penetrance of
drugs into the distinct CNS compartments plays a
crucial role in effective treatment of the dissemi-
nated tumor.

Apart from treatment of intracerebral tumor,
strategies to prevent tumor cells to seed to brain
are very important. The molecular and cellular
steps in the penetration of tumor cells through the
BBB and further into the brain tissue need to be
further detailed and characterized for common-
alities and differences between different primary
tumors. The complex role of the immune response
present in the primary tumor, or at the metastatic
sites, is the object of current research and may
also direct future therapeutic approaches.
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Molecular Mechanisms in Brain

Metastasis

Ekrem Emrah Er and Adrienne Boire

3.1 Introduction

Although responsible for the vast majority of
cancer deaths [1], understanding of the molecu-
lar mechanisms underlying metastasis lags far
behind that of other aspects of carcinogenesis.
Of all sites of metastases, those to the central
nervous system (CNS) result in disproportion-
ate disability and death [2, 3], reflecting both the
physiologic primacy of the CNS and our insuf-
ficient understanding of this site of metastasis.
Metastasis is perhaps the most overt expression
of cancer’s evolutionary dynamics. A central
tenant of this paradigm is that tumor hetero-
geneity provides the necessary variability to
allow cancer to adapt to and ultimately flourish
within a target secondary organ [4]. In support
of this, genomic investigative approaches have
found that cancer cells metastatic to the CNS are
genetically divergent from their preceding pri-
mary tumors [5] and display decreased genetic
heterogeneity consistent with a founder effect
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[6]. It is tempting to posit that common genetic
drivers for brain metastasis may result from
such selective processes, somatically acquired
and selected during tumor evolution. However,
despite large-scale efforts, genetic changes have
not been found to dictate site of metastasis [4, 7].

As can be appreciated from even a cursory
inspection of the literature, metastasis represents
a remarkably complex biological process. In an
effort to define this process, several key concepts
have emerged: First, in order to successfully inhabit
a novel environment, the cancer cells must possess
a transcriptional and metabolic “toolkit” that will
enable growth in the new space. How cancer cells
acquire these capacities (indeed, successful metas-
tasis requires the acquisition of multiple traits) is an
area of active study in the field. A current hypoth-
esis suggests that a minor subpopulation within
the heterogeneous primary tumor possesses traits
sufficient to enable successful colonization of a
target organ [4]. A second hypothesis posits that a
subpopulation of cells within the primary tumor are
exceptionally plastic, with capacity to adapt to any
number of environments [8]. A third model envi-
sions a “pre-metastatic niche,” a microenvironmen-
tal milieu that enriches for a subpopulation of cells
competent to inhabit a metastatic site [9, 10]. As is
the case in complex biological systems, it is likely
that all three models, to a greater or lesser degree,
play a role in brain metastasis.

While genetic changes do not drive meta-
static site, epigenetic and transcriptomal changes

31

M. Ahluwalia et al. (eds.), Central Nervous System Metastases,

https://doi.org/10.1007/978-3-030-23417-1_3

3


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-23417-1_3&domain=pdf
mailto:ere@mskcc.org
mailto:boirea@mskcc.org

32

E.E.Erand A. Boire

do appear to dictate cancer cell metastatic site,
resulting in conserved transcriptional programs
for parenchymal and leptomeningeal brain
metastases, regardless of primary tumor iden-
tity [11-15]. To date, these conserved site-spe-
cific metastatic signatures have been uncovered
largely through mouse modeling, with valida-
tion in clinical specimens [16, 17]. These efforts
have uncovered the stepwise molecular events
that govern cancer cell entry and growth into the
central nervous system. It is worth noting that
these molecular events largely occur as a result
of cancer cell-microenvironmental interactions.
This is not surprising given the unique microen-
vironments encompassed by the central nervous
system:

The CNS comprises two distinct anatomic
compartments: the parenchyma and the lepto-
meninges. These compartments remain isolated
from the systemic circulation and from each other
by means of anatomic barriers. In the case of the
brain parenchyma, the blood—brain barrier con-
sisting of vascular endothelial cells, pericytes, and
astrocytic end-feet limits entry of plasma contents
into the brain. In contrast, the leptomeningeal

Fig.3.1 Arterial and
venous circulations
communicate through
compartments across the
blood-brain and blood-CSF
barriers (Adapted from
Malcolm B Carpenter.
Human Neuroanatomy. 7th
ed. United States:
Baltimore: Williams &
Wilkins, c1976;
Carpenter’s Human
Neuroanatomy)

Intracellular
compartment

Blood-Brain-Barrier
(vascular endothelium)

space remains sequestered from the systemic cir-
culation by means of the blood—CSF barrier; the
choroid plexus epithelial cells. Diffusion of small
molecules and cells between the parenchyma and
the leptomeninges is prevented, in a size-depen-
dent fashion, by the glia limitans, a membrane
generated by the pia and astrocytic end-feet [18,
19] (Fig. 3.1). Small molecules may enter and exit
the parenchyma via perivascular (Virchow-Robin)
spaces; the functional relevance of these CSF cir-
culatory routes remains an area of active study
[20]. Microenvironmental interactions are there-
fore paramount for understanding of metastasis
to the CNS, as is an appreciation for the unique
anatomic structures present within the CNS. We
will therefore address the molecular mechanism
governing CNS metastasis from this dual perspec-
tive (Fig. 3.2).

Extravasation into the Brain
Parenchyma

3.1.1

Once within the systemic circulation, cancer
cells will inevitably enter the vasculature of

Arterial Blood

Blood-CSF-Barrier
(choroid epithelium)

Interstitial CSF-filled
compartments compartments
Venules and Arachnoid villi

veins

Cerebral veins

Venous blood, dural
sinus and spinal veins



3 Molecular Mechanisms in Brain Metastasis

33

Fig. 3.2 Key mechanistic steps in metastasis to the cen-
tral nervous system. (a) Extravasation into the brain
parenchyma. (b) Vascular cooption and residence within
the perivascular niche. (c¢) Astrocyte interactions. (d)
Immune Evasion. (e) Cancer cell entry through choroid
plexus to enter the leptomeningeal space. (f) Survival and
growth within the leptomeninges. (g) Invasion of the glia
limitans

the well-perfused brain and spinal cord. Arrest
of these circulating cancer cells rests upon two
main factors: tropic, brain-specific arrest sig-
nals, and transient, inflammatory nonspecific
arrest signals. Tropic, brain-specific signals
are typified by expression of ST6GalNac5 and
AKRI1B10 on cancer cells [11, 21]. This enables
cancer cells to arrest and engage with brain cap-
illaries. This signal is joined by nonspecific entry
signals such as ANGPTL4, COX2, and LRP1
[11, 22]. Together, these enable cancer cells
to extravasate through brain capillaries. This
signaling alone does not explain the observed
relationship between inflammation and can-
cer. Brain inflammation, in the form of stroke,
results in upregulation of S100A8, S100A9,
ANGPTLA4, COX2, IL-8, and MMP1 recruiting
circulating neutrophils, which, in turn, enable
metastatic seeding [23, 24], in effect preparing
the premetastatic niche. A high ratio of neutro-
phils to lymphocytes in the peripheral circula-
tion is associated with reduced survival after
surgical resection [25]. Together, these observa-
tions suggest that pathologic inflammation may
enhance tropic mechanisms of cancer cell arrest
within the capillaries of the brain parenchyma,
improving cancer cell access to the brain.

3.1.2 Residence Within
the Perivascular Niche

Having entered the brain parenchyma, cancer
cells must cope with this challenging environ-
ment. Advanced microscopy techniques, includ-
ing intravital imaging, demonstrate that after
having entered the parenchyma, cancer cells
remain closely associated with the basal lamina
of the vasculature [14]. Fascinatingly, cancer
cells alter their shape to maximize interactions
with the basal lamina, wrapping the vasculature
and competing with pericytes [26]. Closely asso-
ciated with the vascular basement membrane
[27], within the perivascular niche, cancer cells
inhabit a microenvironment classically associated
with neural stem cells [28]. It is therefore argued
that within this space, cancer cells will acquire
plasticity essential for acquisition of the multiple
traits needed for successful brain metastasis [10].
Beyond this stem-cell niche hypothesis, this loca-
tion could conceivably provide improved access
to nutrients and oxygen; however, this phenotype
is also observed in ex vivo brain slice culture
models, devoid of circulation [12]. The generally
accepted view of vascular cooption is that prox-
imity to endothelially produced angiocrine fac-
tors [29, 30] supports cancer cell growth within
the parenchyma. Importantly, this interaction,
termed vascular cooption [29], is distinct from
angiogenesis. Reflecting the conserved nature of
this process, it has been observed in mouse mod-
els and clinical samples of parenchymal brain
metastasis from lung cancer, breast cancer, and
melanoma [12, 14, 31]. Molecularly, this process
is dependent on integrin f1 and LICAM [12, 27,
32], and results in activation of YAP and MRTF,
which are transcription factors that respond to
biophysical properties of the cell such as mem-
brane tension and the stiffness of the basal lamina
of the vascular endothelium [26]. Moreover, hav-
ing displaced pericytes, the presence of cancer
cells within this space likely impacts neurovascu-
lar coupling function of the brain vascular endo-
thelium, and local delivery of glucose to support
neuronal function [33].

Remarkably, this process is not uniform.
Instead, tumor cell-endothelial cell interac-
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tions alter blood—brain barrier function to such
an extent that many have proposed a blood—
tumor barrier [34]. Functionally, this results in
inconsistent, patchy perfusion of these metas-
tases, and thereby inconsistent perfusion of
these tumors with systemic therapy [35]. The
molecular basis for this inconsistent blood—
tumor barrier remains under active study.
Well-perfused tumor areas are associated with
an increase in desmin-positive pericytes, which
are very low in abundance in normal brain,
whereas the poorly perfused areas are associ-
ated with a decrease in CD13 positive pericytes
with minimal gains in desmin-positive pericyte
populations [34]. Strikingly, size of tumors
does not predict perfusion, and the major pre-
dictor of permeability appears to be expression
of SI1P3 in brain metastatic cells [35]. Clearly,
improved understanding of this process por-
tends advances in systemic drug delivery to
brain metastases.

3.1.3 Astrocyte Interactions

On entry into the brain, cancer cells encounter
reactive astrocytes [31], serving a protective
role. These foreign cells are detected by astro-
cytes through expression of damage-associated
molecular patterns (DAMPs) [36]. In paren-
chymal brain metastasis, reactive astrocytes
generate a number of mediators [36], including
IL-6, CCL2 [35], and plasmin [12]. Together,
these mediators serve to reduce the number of
cancer cells. In addition, exosomes containing
miR-19a secreted from reactive astrocytes reach
cancer cells, where it induces downregulation of
PTEN and increases the aggressiveness of can-
cer cells in the brain [37]. Beyond these local
effects, activated astrocyte secretory products,
including vesicles, can reach the systemic cir-
culation they can attract circulating tumor cells
to the brain [38]: These vesicles, together with
cytokines, activate PPARa to promote transmi-
gration of circulating lymphocytes into the brain
metastatic site. In this manner, cytokines, vesi-
cles, and proteases can all limit brain metastasis
progression. However, these initial inflammatory

steps may ultimately promote the formation of
larger metastases. In the case of melanoma brain
metastases, neuroinflammatory signals in the
form of the cytokines cxcl10 and ccl2 from reac-
tive astrocytes are instrumental in formation of
the premetastatic niche [39].

Cancer cell-astrocyte interactions are com-
plex. While early interactions are dominated by
the largely anticancer astrocyte secretome, later
interactions are defined by direct cancer—astro-
cyte interactions that support intracranial can-
cer cell growth. These interactions appear to be
instrumental in the progression of metastases
from subclinical micrometastases to overt mac-
rometastases [13, 40-42]. The physical interac-
tion between cancer cells and astrocytes depends
on both protocadherin 7 (PCDH7) and connexin
43 (GJA1) [13]. Protocadherin 7 promotes the
formation of connexin-43-based gap junctions
with astrocytes. These interactions allow cancer
cells to engage with the astrocyte gap junction
network. These gap junctions enable cancer cells
to exchange ions and second messengers with
astrocytes [41, 42], making use of this network as
a metabolic sink. In doing so, these interactions
activate cancer cell Stat1/p65 signaling, enabling
cancer cells to withstand both endogenous and
exogenous sources of cellular stress including
Fas-L. and chemotherapy [13]. These molecu-
lar observations provide potential explanations
for a variety of clinical phenomena associated
with brain metastases, including drug resistance
(beyond simple drug penetration), and lowered
seizure threshold.

3.1.4 Immune Cell Evasion

Classically, the brain parenchyma has been
described as enjoying a “privileged” relationship
with the systemic immune system. Congruent
with this, established brain metastases demon-
strate a notably limited lymphocyte infiltrate
[43]. However, the relationship between the sys-
temic immune system and the central nervous
system is far from well understood. Recent work
has uncovered lymphatic vasculature along the
sagittal dural sinuses in mice [44, 45]. Moreover,
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clonal T-cell receptors against CNS-derived anti-
gens have been detected in the cervical lymph
nodes [46]. Beyond the potential importance of
neutrophils in preparation of the premetastatic
niche, lymphocytes may play a key role in brain
metastasis pathogenesis. In the case of check-
point blockade, mouse modeling and mechanis-
tic work are underway concurrent with clinical
trials. In the case of brain metastases, it appears
that this approach may be effective, at least for
a subset of melanoma patients treated with anti-
CTLA4 (Ipilimumab) [47-49] or non-small cell
lung cancer treated with nivolumab [50] or pem-
brolizumab [51].

Whereas lymphocytes are the target of a num-
ber of pharmaceuticals, macrophage comprises
the majority of immune cells within paren-
chymal tumors [52]. These tumor-associated
macrophages comprise both infiltrative bone
marrow-derived macrophages as well as resident
microglia [53]. Early in the infiltrative process,
it is possible to identify a distinct population of
bone marrow-derived macrophages. In the case
of parenchymal brain tumors, recent work dem-
onstrates that these infiltrative cells and resident
macrophage display a convergent phenotype
[54]. For these transcriptomic as well as func-
tional reasons, the cells are typically referred
to as tumor-associated macrophages” or TAMs.
The functional role that these cells play in paren-
chymal brain metastasis appears to be highly
context-dependent. In the case of glioma, deple-
tion of TAMs with CSF-1R inhibition appears to
result in brief dissolution of the tumor. In con-
trast, in parenchymal brain metastases, TAMs
contribute to outgrowth and colonization of brain
metastases through exploitation of a proteolytic
network [55, 56].

Immune cell evasion may also occur
through senescence. Tumors metastatic to the
brain display hyperactive WNT/TCF signaling,
a uniform property of highly metastatic sub-
populations [57]. These cells appear to inhibit
WNT signaling in an autocrine manner, though
DKKI1 [58]. In doing so, these cells express
a SOX-dependent stem-like state, enabling
them to evade immune surveillance and remain
latent.

3.1.5 Entryinto the Leptomeninges

As described above, the leptomeningeal space
enjoys a privileged relationship with the systemic
circulation. The leptomeninges reside behind the
blood—CSF barrier, consisting of the choroid plexus
epithelium. Spread of cancer cells into the lepto-
meningeal space is described as leptomeningeal
metastasis (LM) and occurs in 5-8% of solid tumor
patients and 5-15% of patients with hematological
malignancies [59]. Clinical observations suggest
that cancer cells may gain access to CSF com-
partments through four potential routes: from the
venous circulation through Bateson’s plexus [60] or
the bridging veins [61], from the arterial circulation
through the choroid plexus [62], from the spinal and
cranial nerves through direct invasion, or from the
brain parenchyma through penetration of the glia
limitans [63]. In the case of ALL, (acute lympho-
blastic leukemia), animal modeling has found sup-
port for cancer cell entry through the bridging veins
of the dural sinuses via a6 integrin—laminin inter-
actions [61]. For breast and lung cancer primaries,
there is evidence in mouse models that cancer cells
gain access to the leptomeningeal space through
the choroid plexus [15]. In the case of medulloblas-
toma, CCL2 was instrumental in hematogenously
disseminated cancer cell access to the leptomenin-
geal space [64]. It remains to be seen if evidence of
these mechanisms can be found in human disease.
In addition, it is unclear if the route of entry is dic-
tated by primary tumor factors, systemic factors, or
perhaps a combination of these.

3.1.6 Survival and Growth Within
the Leptomeninges

Within the leptomeninges, cancer cells face addi-
tional challenges: survival within the nutrient-
poor CSF and the immune infiltrate. The CSF
contains minimal glucose, protein, oxygen,
and other metabolic intermediates [65]. Mouse
modeling experiments demonstrate that cancer
cell expression of complement C3 is essential for
overcoming these challenges. This component of
the complement cascade leads to local genera-
tion of the split product C3a, and activation of the
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choroid plexus C3aR. Once activated, signaling
leads to loss of Blood—CSF Barrier integrity, and
enrichment of the CSF with select plasma compo-
nents; supporting cancer cell growth [15]. While
the quiescent CSF is typically acellular, cancer
cells enter this space accompanied by a robust
immune infiltrate [66], in marked contrast with
the pauci-immune environment of parenchymal
brain metastases. Despite this immune infiltrate,
cancer cells readily proliferate. Although one can
posit a number of mechanisms whereby cancer
cells might evade these immune cells, this has not
yet been addressed mechanistically.

3.1.7 Invasion of Glia Limitans

Cancer cells within the leptomeningeal space
may settle onto the pial surface and fill the peri-
vascular Virchow—Robin spaces. As they invade,
they may proteolytically degrade the glial limi-
tans and thereby enter the parenchymal space.
Conversely, parenchymal metastases may invade
cerebral vasculature, and broach the Virchow—
Robin space to enter the leptomeninges. This late
stage of disease blurs the distinction between the
parenchymal and leptomeningeal compartments.
While observed in human disease [63], this has
only rarely been observed in mouse models [11].
Cancer cell invasive process have been observed
to require the cooperation of macrophage:
Macrophage-derived cathepsin S supports cancer
cell invasive processes within the brain paren-
chyma [55].

3.2  Future Directions

Our molecular understanding of metastasis to
the CNS has improved a great deal over the past
10 years. Past technical revolutions in molecular
biology have enabled discovery rooted in mouse
modeling [67]. Given the importance of the
microenvironment, transcriptome, and cancer cell
heterogeneity in this process, one can envision a
second revolution based on single cell technolo-
gies [68] including tissue-disruptive technologies
such as inDrop [69] and Dropseq [70], as well

as tissue-intact approaches such as MERFish [71,
72]. Part and parcel of this discovery approach is
computational biology capable of managing such
massive datasets. A number of efforts are under-
way to establish single-cell-based tumor atlases,
including the Human Tumor Atlas Network
(HTAN); parenchymal brain metastases have
been included in this historic undertaking—a
reflection of the community’s acceptance of brain
metastasis as a unique site of metastasis deserv-
ing dedicated study. Such approaches will enable
use of clinical samples as tools for discovery of
cancer cell-microenvironmental interactions in
situ. With key cancer cell-microenvironmental
pathway identified, mouse modeling and in vitro
biology may be employed to determine mecha-
nistic detail with a greater degree of certainty and
granularity.

3.3  Conclusion

Metastasis to the central nervous system is gov-
erned by a complex ballet of cancer cell micro-
environmental interactions that serve to first
gain entry into the sequestered parenchymal
and leptomeningeal environments. Indeed, the
number of these interactions and the resulting
intense selective pressure on these metastatic
cells are reflected in the inefficiency of this pro-
cess [14]. Once within these privileged spaces,
microenvironmental interactions serve to evade
the brains defense mechanisms and support can-
cer cells robust metabolic needs. These inter-
actions depend on cooperation of genetically
stable, nontransformed stromal cells. Given the
apparent conserved nature of these interactions,
they represent possible orthogonal approaches
to prevention of CNS metastasis and target-
ing of established metastasis. Indeed, one can
envision a future where pharmacologic target-
ing of genetic drivers of CNS metastases [5] is
complemented by orthogonal targeting of the
microenvironment [13, 73]. Continued efforts to
molecularly dissect the molecular mechanisms
that underlie central nervous system metastases
will undoubtedly result in transformational ther-
apeutic approaches (Table 3.1).
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Genomic Characterization of Brain
Metastases: Implications
for Precision Medicine

Franziska M. Ippen, Elisa Aquilanti, Helen D'Couto,
Julia Grosch, and Priscilla K. Brastianos

4.1 Introduction

Brain metastases are a devastating secondary
complication of systemic cancer and account
for the most common central nervous system
(CNS) neoplasm in adult cancer patients [1].
Improved systemic therapies and the advance-
ment of neuroimaging techniques have largely
contributed to a longer survival of affected
patients, an earlier detection of brain metasta-
ses, and therefore a rising incidence of brain
metastases [1, 2]. Among all cancer types, lung
cancer, breast cancer, melanoma, gastrointesti-
nal cancers, and renal cell carcinoma have the
highest propensity to cause brain metastases
[3]. Affected patients face a dismal progno-
sis, with a median survival of 3 months up to

F. M. Ippen - J. Grosch

Divisions of Neuro-Oncology and Hematology/
Oncology, Departments of Medicine and Neurology,
Massachusetts General Hospital and Harvard Medical
School, Boston, MA, USA

Department of Neurology, Heidelberg University
Hospital, Heidelberg, Germany

e-mail: fippen@mgh.harvard.edu;
julia.grosch@med.uni-heidelberg.de

E. Aquilanti - H. D’Couto - P. K. Brastianos (<))
Divisions of Neuro-Oncology and Hematology/
Oncology, Departments of Medicine and Neurology,
Massachusetts General Hospital and Harvard Medical
School, Boston, MA, USA

e-mail: Elisa_Aquilanti@ DFCI.HARVARD.EDU;
hdcouto@partners.org;

pbrastianos @mgh.harvard.edu

© Springer Nature Switzerland AG 2020

18 months, depending on a variety of prognos-
tic factors such as age, Karnofsky Performance
Status (KPS), primary tumor type, presence or
absence of controlled systemic disease, number
of brain metastases, and time to development
from primary tumor diagnosis to brain metas-
tases [4, 5]. More recently, molecular biomark-
ers, such as EGFR, ALK, and HER2, have been
found to be prognostic and are being incorpo-
rated into prognostic classifications [6, 7].
Treatment options for patients with brain
metastases depend on the number and size of
lesions, their location as well as on the underly-
ing primary tumor type. Historically, the main-
stay of treatment for affected patients has been
whole-brain radiation therapy (WBRT), in par-
ticular, if patients present with multiple lesions
[8]. Alternatively, in the case of a solitary or a
large symptomatic, surgically accessible lesion,
patients undergo surgical resection followed by
radiation [1]. The EORTC 22952-26001 study
revealed that adjuvant WBRT after either sur-
gical resection or stereotactic radiosurgery in
patients with one up to three brain metastases
reduces local and distant recurrence compared
to observation. However, this treatment combi-
nation failed to improve overall survival as well
as the duration of functional independence [9].
A recent meta-analysis found that different dose-
fractionation schemes did not show a benefit in
overall survival (OS) or neurological function
improvement (NFI) compared to standard doses
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and that the addition of WBRT to radiosurgery
did not improve OS and worsened NFI [10].
Stereotactic radiosurgery (SRS) represents a suit-
able treatment option for patients with smaller
brain metastases (up to 3 cm in size) and oligo-
metastatic disease of up to four brain metastases
[1, 8]. SRS shows a selective survival benefit in
combination with WBRT in patients with a sin-
gle brain metastasis with favorable characteris-
tics (median survival 6.5 vs. 4.5 months without
SRS boost among 333 patients) [11]. However,
the benefits of a SRS boost do not necessarily
extend to overall survival in more than one brain
metastases [12]. Similarly, the benefit of WBRT
in addition to surgery is limited to reduced meta-
static recurrence but not improved survival or
duration of functional independence [13]. The
use of WBRT in an adjuvant setting has limita-
tions due to its effects on neurocognitive decline
in this particular setting [14]. Furthermore, our
ability to predict who will respond to radiation
therapy remains limited and additional molecular
studies (blood based and tissue based) are needed
to define molecular subgroups that will most
likely respond.

Systemic treatment options for patients with
brain metastases are limited to date, due to the
fact that most chemotherapeutic agents are not
sufficiently able to cross the blood-brain bar-
rier (BBB) and affected patients are commonly
excluded from clinical trials.

In recent years, tremendous efforts have been
undertaken to discover molecular characteris-
tics of metastatic brain tumors and potentially
actionable driver mutations by using next-
generation sequencing techniques. The larg-
est genomic analysis of brain metastases and
matched primary tumors to date revealed that
brain metastases harbor genetically actionable
alterations not detecting in their underlying pri-
mary tumor, while brain metastases within the
same individual were found to be genetically
homogeneous [15]. Based on these findings,
there is an urgent need for more brain-penetrant
targeted agents that need to be specifically eval-
uated in prospective clinical trials in patients
with brain metastases.

4.2 Lung Cancer Brain

Metastases

The various histopathologic subtypes of lung
cancer remain the most common form of cancer
to metastasize to the brain. Several population-
based studies report the incidence of brain cancer
metastases in lung cancer ranges from 9 to 88%
[16-20]. As overall survival (OS) of lung cancer
improves, it is expected that these incidences of
brain metastases will also increase with estimates
of patients with lung cancer expressing epidermal
growth factor receptor (EGFR) mutation or ana-
plastic lymphoma kinase (ALK) rearrangements
having an over 20% increase in brain metastases
incidence with survival greater than 5 years [21].

Survival estimates following metastatic spread
to the brain vary but remain quite poor, rang-
ing from 2 to 30 months [22]. Additionally, the
presence of brain metastases is associated with
a significant increase in morbidity and mortality
for patients with lung cancer and leads to higher
healthcare costs and increased financial burden to
patients [23].

4.2.1 Current Therapies of Lung

Cancer Brain Metastases

Currently, the primary goal in treating brain
metastases in lung cancer is palliation. Treatment
strategies for brain metastases have to balance
minimizing neurocognitive treatment side effects
with neurocognitive side effects of metastases
themselves [24].

In general, the use of systemic chemother-
apy for brain metastases is limited due to the
blood-brain barrier. Historically, the standard
systemic therapy for non-small cell lung can-
cer brain metastases is platinum based, often in
combination with other agents, although these
regimens are often complicated by high toxici-
ties. Fotemustine, a nitrosourea alkylating agent,
in combination with cisplatin had a hematologi-
cal toxicity rate of over 50% [25]. Paclitaxel, a
microtubule inhibitor, in combination with cis-
platin and vinorelbine, a tubulin inhibitor, or



4 Genomic Characterization of Brain Metastases: Implications for Precision Medicine 45

gemcitabine, a nucleoside analog, was able to
produce similar remission rates between sys-
temic and CNS metastases [26]. Pemetrexed, a
multitargeted antifolate agent, has CSF penetra-
tion and has activity in brain and leptomeningeal
metastases [27].

4.2.2 Targeted Therapies for Lung
Cancer Brain Metastases

4.2.2.1 Epidermal Growth Factor
Receptor (EGFR)

The presence of the EGFR mutation is associated
with an increased incidence of brain metastases
in NSCLC though the impact of EGFR muta-
tion status on survival with brain metastases is
unclear [28, 29]. In a recently updated prog-
nostic assessment of lung cancer brain metasta-
ses, EGFR mutations corresponded to a better
prognosis [6]. EGFR-tyrosine kinase inhibitors
(TKIs) may be among the most promising treat-
ments for lung brain metastases owing to their
ability to cross the blood-brain barrier. Two
studies, LUX-Lung 3 and LUX-Lung 6, com-
pared second-line EGFR-TKI, afatinib to tradi-
tional chemotherapy, cisplatin plus pemetrexed,
or platinum-based chemotherapy, respectively,
and found increased progression-free survival
with afatinib of 8.2 vs. 5.4 months [30]. In a trial
comparing EGFR-TKIs, erlotinib and gefitinib,
as first-line treatment in 28 patients with NSCLC
with brain metastases, 93% of patients had dis-
ease control, either partial response or stable
disease, without a difference in progression or
overall survival between erlotinib and gefitinib
[31]. Another larger study comparing erlotinib to
gefitinib as first-line treatment for NSCLC with
brain metastases found that time to neurologi-
cal progression was higher in the erlotinib group
[32]. A comparison between all three EGFR-
TKIs, gefitinib, erlotinib, and afatinib, found that
afatinib had a better progression and overall free
survival than gefitinib but no difference among
the three TKIs in patients who had brain metas-
tases at the start of the study [33]. A phase-1I
study of WBRT in combination with erlotinib for

patients with NSCLC and brain metastases found
that median survival was about 10 months longer
in patient with EGFR mutations [34]. A meta-
analysis found that WBRT in combination with
gefitinib/erlotinib led to improved response rates,
CNS remission, and overall survival compared to
WBRT alone or WBRT plus chemotherapy [35].

4.2.2.2 ALK

The echinoderm-microtubule-associated — pro-
tein-like 4 (EML4)-anaplastic lymphoma kinase
(ALK) fusion was identified as another onco-
gene at a rate of about 6.7% of NSCLC patients,
mostly younger patients who were nonsmokers
with adenocarcinoma [36]. ALK abnormalities
are found in approximately 5% of CNS metastases
from NSCLC [37] and like EGFR mutations, cor-
respond to a better prognosis [6]. Crizotinib was
the first ALK tyrosine kinase inhibitor developed
with an overall disease response rate of 57% [38].
Initially, there were concerns about its ability to
penetrate the blood—brain barrier due to a low ratio
cerebral spinal fluid (CSF) to plasma concentration
[39]. Initially, case reports suggested a possible
efficacy in the ability of crizotinib to treat NSCLC
brain metastases and in another case efficacy with
a higher dose schedule [40, 41]. The PROFILE
trial showed increased progression-free survival in
patients with brain metastases with crizotinib com-
pared to chemotherapy [42]. Ceritinib is an ALK
inhibitor that has shown increased ability to cross
the blood-brain barrier and was found to have a
65% intracranial disease control rate in already
ALK-inhibitor-treated patients [43]. Brigatinib
is a newer ALK inhibitor which was able to pro-
duce an intracranial progression-free survival of
14.6 months in crizotinib-treated patients [44].
Current targeted treatment options in clinical use
are summarized in Fig. 4.1.

4.2.3 Immunotherapies

4.2.3.1 Nivolumab

Nivolumab is a human IgG4 anti-PD-1 mono-
clonal antibody. The CheckMate trials evalu-
ated the effect of nivolumab on advanced
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Fig.4.1 Current targeted therapy and immunotherapies in non-small cell lung cancer in clinical use

Table 4.1 Summary of currently active and recruiting clinical trials for patients with breast cancer brain metastases

Trial number \ Phase \ Location \ Intervention

HER? inhibitors

NCT02536339

—

1 USA

Pertuzumab + trastuzumab in patients with HER2-positive breast cancer and
CNS progression after radiotherapy (WBRT/SRS)

PI3K/Akt/mTOR inhibitors

NCTO01783756 | Ib/Il | USA Everolimus + lapatinib + capecitabine in patients with HER2+ breast cancer
with CNS recurrence or progression after therapy with trastuzumab

CDK4/6 inhibitors

NCT02308020 | II USA Abemaciclib in patients with HR+, HER2+ breast cancer brain metastases

NCT02774681 |11 USA Palbociclib + trastuzumab in patients with HER2+/HR— breast cancer brain

metastases

NSCLC. CheckMate 017 compared the effi-
cacy of nivolumab to docetaxel in an open-label
international trial and found that nivolumab had
a higher overall survival rate (42% vs. 24%)
and lower risk of death than docetaxel. Among
patients who had CNS metastases in this trial,
the median overall survival was 5.8 months com-
pared to 7.9 months in those without brain metas-
tases [45]. A pooled analysis of 3 CheckMate
trials showed that CNS metastases treated with
nivolumab had a higher complete remission rate
(28% vs. 19%) and stable disease rate (33% vs.
31%) than those treated with docetaxel and that

in patients with previously treated CNS metasta-
ses, the median overall survival was longer in the
nivolumab group [46].

4.2.3.2 Pembrolizumab

Pembrolizumab is a human anti-PD-1 mono-
clonal antibody shown to have significantly
improved overall and progression-free survival
compared to docetaxel in advanced NSCLC [47].
A 33% response rate has been shown in NSCLC
brain metastases treated with pembrolizumab
[48]. Ongoing trials of immunotherapy in lung
cancer brain metastases are detailed in Table 4.1.
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4.2.4 Genetics of Lung Cancer Brain
Metastases

Targeted cancer therapy via molecular bio-
marker analysis is becoming the standard of care
for cancer, and in the case of brain metastases,
analysis of molecular markers of CNS metas-
tases themselves may provide insight for more
effective therapies. Various molecular studies
have identified key molecular targets for future
therapies. One strategy for identifying markers is
to identify molecular targets critical to each step
of metastases. AXL-GAS6 (a receptor tyrosine
kinase inhibitor) has been identified in the epi-
thelial to mesenchymal transition [49]. ADAM9
(a transmembrane cell adhesion protein) enables
tissue plasminogen activator to stimulate pro-
migratory proteins in mouse models allowing for
increased brain metastases and was found to be at
higher levels in brain metastases than in primary
tumor cells [50]. Placental growth factor (PLGF)
has been shown in vitro to activate endothelial
growth factor receptor (EGFR) 1-Rho, which
leads to disassembly of brain endothelial cell
tight junctions allowing for SCLC brain metas-
tases [51]. Mouse model studies using human-
derived lung adenocarcinoma cells identified
LEFI and HOXBY as genes critical in the WNT/
TCF pathway for extracellular matrix invasion
and tumor outgrowth in the development of bone
and brain metastases [52]. RT-PCR analysis of
NSCLC tumor samples found that expression
of CDH2 (N-cadherin) and KIFCI (a kinesin
family protein) were positively associated brain
metastases occurrence and FALZ (a neuronal
transcriptional factor) was negatively associated
with brain metastases [53]. Hypermethylation
of HERCS5 (a ubiquitin—protein ligase) has been
shown to be associated with increased occur-
rence of brain metastases and decreased overall
survival in NSCLC [54]. Fibroblast growth factor
receptor (FGFR1) amplification were found at a
five-fold higher rate in brain metastases of lung
adenocarcinoma than in the primary tumor [55].
In a genomic study of matched brain metastases
and primary tumors, branched genomic evolu-
tion was observed, such that brain metastases

from lung cancer harbored clinically actionable
alterations that were not detected in the matched
primary tumors. These included alterations in the
CDK pathway and PI3K pathway [15]. Another
study demonstrated FGFRI1 amplifications in
brain metastases of lung adenocarcinoma [55].
These genes and pathways are potential targets
for novel therapeutics which can be designed for
the explicit purpose of reducing or treating lung
cancer brain metastases.

4.3 Breast Cancer Brain

Metastases

Breast cancer is the most common primary tumor
occurring in women worldwide [56] and repre-
sents the second most common cause of brain
metastasis in adult cancer patients [57]. The inci-
dence of breast cancer brain metastases (BCBM)
considerably varies depending on the underlying
tumor subtype. Human epidermal growth factor
receptor 2 (HER2)-positive and triple-negative
breast cancer are more likely to cause brain metas-
tases compared to the luminal A and B tumor sub-
type [7, 58], with reported incidences of BCBM
ranging from 30 to 40% [59, 60]. Regarding the
associated survival, patients with BCBM from
triple-negative breast cancer are facing the most
dismal prognosis. Hormone receptor status and
HER?2 status are prognostic in breast cancer brain
metastases [7, 61]. According to a recent multi-
center retrospective study including 1256 patients
with BCBM stratified by tumor subtype, median
overall survival of patients with triple-negative
brain metastases was 4.9 months, compared to
9.3 and 16.5 months in patients with luminal and
human epidermal growth factor (HER2)-positive
brain metastases, respectively [62].

4.3.1 HER2 Receptor Status
and HER2-Directed Treatment

Options

In approximately 20% of all breast cancer
patients, HER2 amplifications can be detected
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[63]. Among those, 30-50% of affected patients
will develop brain metastases during their course
of disease [64]. This increased risk of develop-
ing metastatic brain disease has been attributed
to the improved control of systemic disease
due to treatment with the monoclonal antibody
trastuzumab [65]. Regarding concordance of
HER?2 status in metastases and primary tumors,
divergence between BCBM and their underly-
ing matched primary tumor has been described
in recent studies [66, 67]. Interestingly, a recent
study analyzing a total of 182 HER2-positive
primary breast cancer patients and their meta-
static primary tumors demonstrated that 24% of
metastatic tumors were HER2 negative [68]. This
discordance of HER2 status was furthermore
associated with a decreased overall survival [68].
These findings emphasize that biopsies of meta-
static sites are to determine the hormone receptor
status and ultimately, to direct patients to appro-
priate targeted therapy options.

Despite the fact that trastuzumab is an effective
treatment option for patients with HER2-positive
breast cancer that extends overall survival [69,
70], the role of this monoclonal antibody for the
treatment of BCBM is limited depending on the
condition of the BBB. A pharmacokinetic study
by Stemmler et al. demonstrated that the ratio of
plasma vs. cerebrospinal fluid (CSF) levels of
trastuzumab in BCBM patients improves from
420:1 to 76:1 after radiotherapy. For patients with
concomitant leptomeningeal disease, the plasma
to CSF ratio was found to be 49:1 [71], indicat-
ing that the CNS penetration of trastuzumab
improves with a partial impairment of the BBB.

In the phase-III trial CLEOPATRA, the addi-
tion of the HER2-directed monoclonal antibody
pertuzumab to trastuzumab and docetaxel signifi-
cantly improved the median overall survival in
patients with HER2-positive breast cancer com-
pared to the addition of placebo (56.5 months
vs. 40.8 months, respectively) [72]. In a sub-
sequent exploratory analysis of this trial, the
incidence between both treatment arms was
found to be similar. However, the combina-
tion of pertuzumab, trastuzumab, and docetaxel
yielded a significantly longer median time to
development of brain metastases compared with

the combination of placebo, trastuzumab, and
docetaxel (15 months vs. 11.9 months, respec-
tively). Furthermore, the median overall survival
was longer in the pertuzumab arm of this study
(34.4 months vs. 26.3 months) [73]. To date, a
phase-II trial is evaluating pertuzumab in com-
bination with high-dose trastuzumab after radio-
therapy (NCT02536339) in HER2-positive breast
cancer brain metastasis patients.

The dual tyrosine kinase inhibitor lapatinib
targets both HER2 and EGFR receptors and has
been shown to cross the BBB in patients with
brain metastases [74]. Unfortunately, when used
as a single agent, only minor antitumor activ-
ity of lapatinib was observed in the treatment
of patients with BCBM. Lapatinib monotherapy
was assessed in two phase-II trials investigat-
ing its efficacy in patients with HER2-positive
BCBM, but has only yielded objective response
rates in the CNS of 3—6% [75, 76]. However, the
addition of capecitabine to lapatinib in patients
with previously untreated brain metastases led
to more promising intracranial rates. The multi-
center, single-arm phase-II study LANDSCAPE
reported objective partial CNS response in 66%
of treated patients [64]. Furthermore, promising
results have been reported for the antibody-drug
conjugate trastuzumab emtansine (T-DMI1): A
retrospective, exploratory analysis of the multi-
center phase-III trial EMILIA has shown that in
patients with treated asymptomatic brain metas-
tases at baseline, T-DM1 led to a significantly
improved overall survival compared to lapatinib
plus capecitabine [77]. In addition, various case
reports have supported a potential antitumor
activity of T-DM1 in the setting of HER2-positive
breast cancer brain metastasis and a partially dis-
rupted BBB [78-84].

4.3.2 Genetics of Breast Cancer
Brain Metastases: PI3K/Akt/
mTOR-, CDK4/6 Pathway
and Targeted Treatment
Options

Activating mutations in the PI3K/AKT/mTOR
and the CDK4/6 pathway frequently occur in
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BCBM and open up new therapeutic strategies
[15]. The mTOR-inhibitor everolimus is able to
cross the BBB and might therefore be a promis-
ing treatment option for BCBM patients in the
future. In two phase-III trials, the combination of
everolimus either with trastuzumab and vinorel-
bine in patients with HER2-positive metastatic
breast cancer [85] or with an aromatase inhibitor
in patients with hormone receptor-positive meta-
static breast cancer [86] significantly prolonged
progression-free survival. A recent phase-1I
study of everolimus, trastuzumab, and vinorel-
bine for patients with progressive HER2-positive
BCBM unfortunately revealed low intracranial
response rates (4%, one partial response in the
entire cohort) for this combination and a reported
overall survival similar to a historical control
[87]. The role of everolimus is currently being
evaluated in combination with lapatinib and
capecitabine in a phase-Ib/II single-arm trial for
the treatment of HER2-positive BCBM patients
with CNS progression after treatment with trastu-
zumab (NCTO01783756).

Encouraging results have also been reported
in patients with hormone receptor-positive breast
cancer treated with selective CDK4/6 inhibi-

tors targeting the D-cyclin-dependent kinase
(CDK) 4/6-INK4-retinoblastoma (Rb) pathway
[88]. For this reason, the effectiveness of the
CDK4/6 inhibitors abemaciclib and palboci-
clib is currently being analyzed in clinical trials
(NCT02308020, NCT02774681). Current tar-
geted agents in breast cancer brain metastases
and ongoing trials are summarized in Fig. 4.2 and
Table 4.2.

4.4 Melanoma Brain Metastases

The incidence of brain metastases in patients with
melanoma is exceptionally high, occurring in up
to 50% of cases [89]. Melanoma is the third lead-
ing cause of death from brain metastases after
lung cancer and breast cancer, and intracranial
melanomas cause significant neurologic morbidi-
ties due to their high bleeding propensity. Prior
to the introduction of novel therapeutic agents,
patients with melanoma brain metastases had a
dire prognosis. Per the original diagnosis-spe-
cific graded prognostic assessment (DS-GPA),
median survival for these patients ranged
between 3.4 and 13.2 months [90]. This changed

growth factor receptor
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Fig. 4.2 Current targeted agents in breast cancer brain metastases
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Table 4.2 Summary of currently active and recruiting clinical trials of immunotherapy for patients with non-small cell

lung cancer brain metastases

Trial number | Phase | Location | Intervention

Immunotherapies

NCT01454102 |1 USA Nivolumab in combination with gemcitabine/cisplatin, pemetrexed/cisplatin,
carboplatin/paclitaxel, bevacizumab, erlotinib, ipilimumab, or as monotherapy

NCT02696993 |I/II | USA Nivolumab + SRS/WBRT= ipilimumab in patients with at least one lesion
amenable to radiation therapy (SRS or WBRT)

NCT02858869 |1 USA Pembrolizumab + SRS

NCT02886585 | 1L USA Pembrolizumab in patients with previously untreated or progressive brain
metastases or neoplastic meningitis (various solid tumors)

NCT02085070 | II USA Pembrolizumab (previously untreated brain metastases without need of local
therapy)

NCT02681549 |11 USA Pembrolizumab + bevacizumab (previously untreated brain metastases)

drastically after targeted therapeutic agents and
checkpoint blockade agents became available.
The DS-GPA for melanoma was revised in 2017,
with median survival now ranging between 4.9
and 34.1 months [6]. Here, we provide an intro-
duction to these therapeutic interventions and
discuss survival data, published clinical trials as
well as ongoing clinical trials.

441 Targeted Agents

Approximately 40—-60% of malignant melanomas
were found to have mutations in the v-raf murine
sarcoma viral oncogene homolog B (BRAF) [91].
Most of these mutations are characterized by a
single amino acid substitution at codon 600 of
the gene, from valine to glutamic acid (V600E).
This leads to constitutive activation of the MAPK
pathway through phosphorylation of MEK and
subsequently ERK, which normally regulates cel-
lular proliferation in a signal-dependent manner.
BRAF-mutant tumors are exclusively dependent
on the MAPK pathway for oncogenesis and are
therefore highly sensitive to inhibition of this sig-
naling cascade [92]. Prognostic classifications in
brain metastases from melanoma have now incor-
porated BRAF mutation status, with improved
survival in BRAF-positive patients [93].

4.4.1.1 Vemurafenib

Vemurafenib is a small-molecule inhibitor of
mutant BRAF. It showed clinical efficacy in the
BRIM-3 trial, a phase-III randomized study of

675 patients with untreated metastatic melanoma
that were randomized to vemurafenib vs. dacar-
bazine. Six-month overall survival was 84% in
the vemurafenib group vs. 64% for dacarbazine
and response rate was 48% for vemurafenib vs.
5% for dacarbazine [94]. These results led to
the FDA approval of vemurafenib in 2011. The
subsequent co-BRIM study looked at combined
inhibition of BRAF and MEK (vemurafenib and
cobimetinib) in attempt to minimize acquired
resistance through activation of downstream
effectors of the MAPK pathway [95]. Median
progression-free survival (PFS) and response
rates (RR) were higher in the combination group
compared to vemurafenib plus placebo (9.9 vs.
6.2 months for median PFS and 68% vs. 45% for
RR). Based on this, the FDA approved this com-
bination therapy in 2015.

Patients with untreated or recently treated
(<3 months) brain metastases were excluded
from these landmark trials, and the standard of
care for intracranial lesions remained a combi-
nation of surgery and radiotherapy [96]. A few
studies subsequently reported safe and effective
treatment of brain metastases from BRAFV600E
mutant melanoma with a combination of ste-
reotactic radiation and vemurafenib [97, 98]. A
phase-II trial of vemurafenib in brain metasta-
ses was conducted between 2011 and 2016 [99].
One hundred forty-six patients were enrolled and
divided into two cohorts (previously treated and
untreated). Intracranial response rate was 18%
in the untreated cohort, compared to 33% extra-
cranial response. Median overall survival was
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8.9 months in the untreated cohort and 9.6 months
in the previously treated one. Additionally, a ret-
rospective study of melanoma patients with brain
metastases treated with a combination of BRAF
and MEK inhibitors showed that there was symp-
tomatic improvement, median PFS of 5.3 months
and median OS of 9.5 months [100].

4.4.1.2 Dabrafenib

Dabrafenib is another small-molecule inhibi-
tor of mutant BRAF that has clinical efficacy in
metastatic melanoma. Contrary to vemurafenib,
the initial dose escalation trials for dabrafenib
included patients with untreated brain metastases
[101]. The phase-IIl BREAK-3 trial of dabrafenib
vs. dacarbazine in metastatic melanoma showed
a significant PFS benefit of 5.1 vs. 2.7 months
[102], which lead to the FDA approval of this
agent in 2013. Similar to vemurafenib, dab-
rafenib was studied in combination with a MEK
inhibitor, trametinib, which showed substantial
improvement in PFS compared to dabrafenib
alone (11.4 vs. 7.3 months) [103]. The efficacy
of dabrafenib in melanoma brain metastases
was assessed in dedicated phase-1I trials. The
BREAK-MB trial was a phase-II study of 172
patients with V60OE or V600K mutant melanoma
and brain metastases, either previously treated

Targeted therapies

growth factor receptor
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(vemurafenib, dabrafenib)

BRAF
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ate
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or untreated [104]. Intracranial RR was 39.2%
for previously untreated patients and 30.8%
for treated patients with BRAFV600E mutant
tumors. RR was lower for V60OK mutations.
Additionally, the COMBI-MB trial is evaluating
the combination of dabrafenib plus trametinib in
previously treated and untreated patients and with
BRAFV600E or V600OD/E/K/R mutations [105].
Intracranial RR for BRAFV600E mutant tumors
in previously untreated patients was 58 and 56%
for previously treated ones. Median PFS was
5.6 months in the untreated group and 7.2 months
in the treated group. Targeted treatment strategies
and immunotherapy options for melanoma brain
metastases are displayed in Fig. 4.3.

4.4.2 Immunotherapy

In addition to targeted therapy, in the past decade,
immune checkpoint blockade therapy has revolu-
tionized the management and prognosis of meta-
static melanoma.

4.4.2.1 CTLA-4-Directed Therapy

Ipilimumab is a humanized monoclonal anti-
body against CTLA-4. Ipilimumab first showed
significant clinical benefit in 2010 against the
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Fig. 4.3 Current targeted therapy and immunotherapies in melanoma in clinical use
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gpl00 vaccine in patients with unresectable
stage III or IV melanoma (median OS of 10.0
vs. 6.4 months) [106] and was approved by the
FDA in 2011. This trial included patients with
brain metastases, most of which were previ-
ously treated, and results suggested that these
patients derived a clinical benefit from ipilim-
umab (HR 0.7 with 95% CI 0.4-1.2). A sub-
sequent phase-II study was conducted looking
specifically at brain metastases patients [107].
Patients were divided into two cohorts based
on symptoms and corticosteroid use and were
given four doses of ipilimumab at 10 mg/kg.
A durable response of 12 weeks or longer was
observed in 24% of cases in the asymptomatic
cohort (cohort A) and 5% in the symptomatic
one (cohort B). Median overall survival was
7 months in cohort A and 3.7 months in cohort
B. Additionally, a few studies have suggested
that brain metastasis patients may derive a ben-
efit from combining radiation and ipilimumab.
A retrospective study of 77 patients treated with
radiosurgery at Yale New Haven hospital with
or without ipilimumab use showed that overall
survival was significantly longer for patients
who received ipilimumab (21.3 vs. 4.9 months)
[108]. Another retrospective study of 91 patients
treated with SRS showed that patients who
received ipilimumab had prolonged survival of
15.1 months vs. 7.8 months for patients who did
not [109].

4.4.2.2 PD-1-Directed Therapy

Pembrolizumab and Nivolumab are both human-
ized antibodies directed against PD-1 that were
first approved for the treatment of metastatic
melanoma. Pembrolizumab was compared with
ipilimumab in metastatic melanoma and showed
improved 6-month PFS and response rates (RR
32.9% vs. 11.9%) [110]. Nivolumab was com-
pared with dacarbazine and showed similar
results (RR 40% vs. 13.9%) [111]. Patients with
active brain metastases were excluded from both
of these trials. A phase-II trial was conducted to
assess the efficacy of pembrolizumab in patients
with untreated brain metastases from melanoma
or non-small cell lung cancer. Eighteen patients

with melanoma were included in this study, and
intracranial RR was 22%. Safety profile was
acceptable, with the majority of adverse events
being grades 1-2 [48]. Long-term follow-up of
this study showed that responses were durable
with patients being alive 24 months post treat-
ment initiation [112]. While no dedicated clinical
trial was performed to assess the efficacy of sin-
gle-agent nivolumab in melanoma brain metasta-
ses, this agent was looked at in combination with
ipilimumab in a phase-II trial. The intracranial
response rate was 57%, similar to extracranial
responses, with a 23% rate of complete response.
The rate of grade 3 or higher toxicity was 55%,
similar to what was observed in patients without
brain metastases.

4.4.3 Genetic Characteristics
of Melanoma Brain
Metastases

The studies summarized above suggest that both
classes of novel therapeutic agents have activity
against melanoma brain metastases and, in some
cases, may be a viable alternative to radiother-
apy for previously untreated patients. However,
multiple questions remain to be answered
before defining clear guidelines incorporating
these agents into clinical practice. In the case of
targeted therapies, for example, it appears that
intracranial response rates are lower than sys-
temic responses and the duration of response is
short. This may be related to lower drug avail-
ability in the CNS but also to different biological
drivers and mechanisms of resistance in brain
metastases compared to other sites. Sequencing
analysis of matched primary tumors, extracra-
nial and intracranial metastases from the same
patients revealed that intracranial lesions are
often genomically distinct from primary tumors
and extracranial metastatic sites, and specific
cellular pathways tend to be enriched in the
brain [15]. Another study showed that the PI3K/
AKT pathway is hyperactive in melanoma brain
metastases as opposed to other metastatic sites,
and preclinical data suggest that PI3K inhibi-
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tion could be an effective therapeutic strategy
for these patients [113]. Future therapeutic deci-
sions driving targeted therapies may need to be
guided not only by the genomic characteriza-
tion/BRAF mutation status of primary tumors
but also by analysis of intracranial metastatic
sites. Immunotherapies, on the other hand,
appear to have similar efficacy in the brain com-
pared to extracranial metastatic sites and they
seem to induce durable responses. However,
the main question remains of what patient fac-
tors and biomarkers predict response to these
agents and whether these factors are the same
for intracranial and extracranial metastases.
Since most of the dedicated brain metastases tri-
als only included patients who were not highly
symptomatic and had small lesions, it is unclear
whether patients with larger lesions would ben-
efit or should continue to be treated with sur-
gery and/or radiation. Lastly, the benefit of the
synergistic use of immunotherapies with SRS is
yet to be determined, and it is unclear whether
combination therapy increases the risk of tox-
icity including radiation necrosis and bleeding.
Multiple clinical trials are currently underway
in attempt to answer these questions, a list of
which can be found in Table 4.3.

4.5 Conclusion

As the incidence of metastatic brain tumors is
rising, brain metastases are becoming a grow-
ing challenge in the management of cancer
patients. Although substantial efforts have been
undertaken to improve a variety of multimodal
treatment approaches, affected patients are still
facing a poor median overall survival span after
initial diagnosis. Genomic analyses in the past
have yielded that brain metastases may have
different actionable driver mutations than their
underlying primary tumor and as different meta-
static sites. However, different brain metastases
within the same patient seem to be rather geneti-
cally homogenous. These findings open up new
therapeutic strategies but also the urgent need to
address major challenges like the development of
brain-penetrant targeted agents. Various clinical
trials are currently ongoing to evaluate numer-
ous targeted agents and their efficacy in brain
metastases patients. Nevertheless, we still need
to further improve our understanding of brain
metastasis formation, the molecular background
of brain metastases, potential biomarkers, and
resistance mechanisms in order to effectively
treat patients in the future.

Table 4.3 Summary of currently active and recruiting clinical trials for melanoma brain metastases

Trial number | Phase| Location | Intervention

Targeted therapies

NCT03332589 |1 USA E6201 (MEK inhibitor) in BRAF- or MEK-mutant tumors

NCT03430947 |11 Germany | Vemurafenib + cobimetinib after SRS in BRAF V600-mutant tumors

NCT02452294 |11 Germany | Buparlisib (PI3K inhibitor) in BRAF-mutant tumors after failure of BRAF
inhibitor therapy, and BRAF wild-type tumors after failure of ipilimumab

NCT02974803 |11 Canada Concurrent dabrafenib + trametinib with SRS in BRAF-mutant tumors

Immunotherapies

NCT02858869 |1 USA Pembrolizumab + SRS

NCT02716948 |1 USA SRS + nivolumab in newly diagnosed patients

NCT02097732 |11 USA Ipilimumab induction in patients receiving SRS

NCT02374242 |11 Australia | Nivolumab =+ ipilimumab

NCT03728465 |11 Germany | Nivolumab + ipilimumab in patients with >4 symptomatic brain metastases

NCTO03175432 |11 USA Bevacizumab + atezolizumab in untreated patients

NCT02460068 | II Italy Fotemustine vs. fotemustine + ipilimumab or ipilimumab + nivolumab

NCT02681549 |11 USA Bevacizumab + pembrolizumab in untreated patients

NCT03563729 |11 Denmark | Pembrolizumab or ipilimumab + nivolumab in patients in need of steroid
treatment

NCT03340129 |11 Australia | Ipilimumab + nivolumab + salvage radiotherapy
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5.1.1 Crossing the Blood-Brain
Barrier

“microglia

Once cancer cells reach the brain vasculature,
they become physically trapped in small cap-
illaries [1] preferably with low perfusion [2]
(Fig. 5.1). Hematogenous inoculation of cancer
cells indicates that the time required to cross the
vascular barrier in the brain is much longer than
in other organs. It takes 3—7 days to a cancer cell
to extravasate through the blood-brain barrier
(BBB) [1, 3, 4] but only 12 h to extravasate in the

lungs [3]. The molecular requirements to cross \)‘\ 3

astrocyte

the BBB include general mediators of extrava-
sation (i.e., HBEGF, COX2) [5] but also other = Metastasis M
specific to the brain including cell surface modi- initiating cell
fications [5], proteases [6], and secreted growth
factors as well as extracellular vesicles [6-9].
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5.1.1.1 Surface Decoration

The surface of triple negative breast cancer cells
requires a specific glycosylation pattern which is
dependent on the sialyltransferase STOGLNACS.
The expression of this molecule in primary breast
tumors as part of a 17-gene signature (BrMS)
correlates with an increased risk of brain metas-
tasis in three independent cohorts of patients.
Although the molecular mechanism by which
this posttranslational modification in the mem-
brane of metastatic cells is specifically required to
transmigrate through the BBB is not known, loss
of function experiments showed its importance to
prevent the entry of cancer cells in the brain [5].

5.1.1.2 Proteolysis

Adherent and tight junctions are critical for
the integrity of the BBB. Cathepsin S (CTSS)
cleaves junctional adhesion molecules (JAMs),
occludins and claudins, all of which are impor-
tant for cell adhesion [6]. Among them, JAM-B
is specifically expressed in brain endothelial
cells. Proteolysis of JAM-B-dependent junc-
tional adhesions of brain endothelial cells by
cancer cell-derived CTSS increases the trans-
migration in an in vitro BBB model as well
as in brain metastasis assays in vivo [6]. High
expression levels of CTSS at the primary site
correlates with decreased metastasis-free sur-
vival in the brain but not in bone or lungs.

5.1.1.3 Secreted Components
PLFG (placental growth factor) is a secreted
molecule required for SCLC cancer cells to cross
the BBB. Extracellular PLGF binds to the endo-
thelial VEGF receptor-1 (VEGFR-1) that leads to
the activation of ERK and Rho kinase (ROCK)
activities. The activation of this signalling path-
way in brain endothelial cells induces the disrup-
tion of occludin and ZO-1 dependent junctions,
thus compromising BBB integrity [7]. Elevated
levels of PLGF in the blood of patients with
small cell lung cancer (SCLC) correlates with the
development of brain metastasis [7].
Extracellular vesicles regulate different aspects
of cancer [10, 11], including cell-to-cell commu-
nication [12]. MicroRNAs contained in extracel-

lular vesicles produced by cancer cells located
in the primary tumor influence the integrity of
the BBB to facilitate extravasation of circulating
tumor cells (CTCs). The microRNA miR-181c
contained in cancer cell-derived extracellular
vesicles is transferred to brain endothelial cells
where it downregulates the expression of PDPK],
an essential factor for actin dynamics by its regu-
latory effect on cofilin phosphorylation. Defective
actin dynamics impairs intracellular trafficking of
multiple proteins required for the maintenance of
brain endothelial cell intercellular junctions such
as tight junction proteins, actin filaments, and
N-cadherin [8]. Similarly, miR-105 contained in
extracellular vesicles impaired the integrity of the
BBB through an alternative mechanism involving
the negative regulation of ZO-1 expression [9].
Consequently, the uptake of extracellular vesicles
loaded with these miRNAs facilitates extravasa-
tion of CTCs through the BBB [8] and other
vascular barriers [9]. Circulating extracellular
vesicles containing miR-181c and miR-105 were
more abundant in the serum of patients with meta-
static breast cancer, including the brain [8, 9].

5.1.1.4 Other Mediators

Additional mediators of extravasation through
the BBB that have been validated in patients
includes PLEKHAS, which has been described
in melanoma brain metastasis [13]. However, the
mechanism by which this molecule facilitates
transmigration of metastatic cells through the
BBB remains to be solved.

5.1.1.5 Importance of Identifying
Mediators of BBB Extravasation

The main interest lies on their potential as bio-
markers to predict the risk of developing brain
metastasis from the primary tumor [5-9, 13].
Although metastatic cells might have completed
extravasation by the time the primary tumor is
diagnosed, having determined the risk of metas-
tasis might facilitate clinical decisions of future
therapies aimed at preventing the development of
symptomatic metastases.



5 Brain Metastases Cell Partners and Tumor Microenvironment 61

5.1.2 Using Preexisting Vessels:
Vascular Co-option

After completing extravasation, metastasis-
initiating cells remain located at the perivascular
niche [1-4, 14]. The physical interaction with
the preexisting brain capillaries, termed vascu-
lar co-option [15], does not involve angiogenesis
and mimics the cellular and molecular behavior
of pericytes [3]. Vascular co-option has been
described both clinically and experimentally in
lung cancer, breast cancer, melanoma, colorectal
cancer, and renal cancer metastasis in multiple
secondary organs including the brain [1, 4, 14,
16-19]. The perivascular location gives cancer
cells preferential access to oxygen, nutrients,
and angiocrine factors produced by endothelial
cells [4, 14, 20] (Fig. 5.2). The implications
of vascular co-option include both aggressive
growth but also states of latency and immune
evasion [21, 22].

Fig. 5.2 Early stages
of brain colonization

5.1.2.1 Dormancy/Latency
and Immune Evasion

Breast cancer metastasis could be manifested
many months and even years after the removal of
the primary tumor [23]. Under these circumstances
disseminated tumor cells (DTCs) enter in a state
of dormancy until they start to re-grow secondary
tumors [24]. The perivascular niche regulates dor-
mancy of metastatic cells by different mechanisms.
Thrombospondin-1 (7SP-1) has been described
as an important angiocrine factor reducing tumor
growth and angiogenesis [25, 26]. In brain metas-
tasis, 7SP-1 induces dormancy of metastatic cells
in the brain and other organs such as the bone and
the lungs. Expression of 7SP-I occurred in stable
non-angiogenic brain endothelium that induces
dormancy in cancer cells that are in the vicinity. On
the contrary, downregulation of the expression of
TSP-1 and enhanced expression of the pro-tumor
factors TGF-f1 and periostin (POSTN), which
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preferentially occurs in sprouting endothelial cells,
favors tumor cell growth [22].

In contrast to a prolonged period of inactive
cancer cell proliferation (dormancy), metastatic
cells could develop transient states of active
proliferation intermingled with periods of qui-
escence. This latency program is driven by the
transcription factors SOX2 and SOX9 in com-
bination with the inhibition of WNT signaling.
When DTCs are latent, they downregulate the
NK cell ligands UL16-binding proteins, PVR/
CD155, FAS, and TRAILR, which allow them
to avoid the action of the immune system and
remain viable [21].

5.1.2.2 Molecular Regulation
of Vascular Co-option

In spite of the involvement of the perivascu-
lar niche in latency or dormancy, the ability
of metastasis-initiating cells to interact with
preexisting capillaries is required for their
outgrowth [1, 3, 4, 14]. Two cell adhesion
molecules are key during this process includ-
ing Pl-integrin and L1CAM [4, 14]. Targeting
them in cancer cells impairs the initial stages
of metastasis colonization from breast, lung,
renal, and colorectal cancer, melanoma, and
lymphoma and prevents the development of
macrometastases [3, 4, 14].

B1-integrin-mediated anchorage of cancer
cells to components of the basal lamina (collagen
I and IV, fibronectin, laminin, and vitronectin)
of preexisting capillaries induces phosphoryla-
tion of focal adhesion kinase (FAK) leading to
ERK1/2 activation, which is translated into an
important survival signal that allows metastatic
cells to resume proliferation in secondary organs
[14]. LICAM further promotes f1-integrin
downstream signaling increasing the potency of
its activation in an ankirin2-dependent manner,
which leads to increased PAK1/2 phosphory-
lation and enhanced formation of filamentous
actin. Increased actin filament formation induces
cancer cell spreading along capillaries activat-
ing YAP-mediated mechanotransduction upon
its nuclear translocation, which drives down-
stream gene expression reactivating prolifera-
tion [3].

5.1.2.3 Implications of Vascular
Co-option

Although our knowledge on the interaction
between metastasis-initiating cells and preexisting
capillaries is very limited, the fact that known targets
located at the cellular surface are critical to multi-
organ metastasis from highly prevalent cancer
types suggests an important therapeutic oppor-
tunity to prevent the development of metastasis,
even if cancer cells have already disseminated
out of the primary tumor.

5.1.3 Brain Metastasis-Associated
Angiogenesis

5.1.3.1 Regulation of Brain
Metastasis-Associated
Angiogenesis
Neo-angiogenic vessels could be easily found in
brain metastasis derived from non-small cell lung
cancer [1, 27], where it is required to support the
transition from micrometastasis to macrometasta-
sis [1] (Fig. 5.3). However, this dependency might
not apply to other cancer types such as melanoma,
which continues to rely on co-optive growth along
the vessels rather than in angiogenesis [1]. In
breast cancer, the importance of angiogenesis in
brain metastasis has been also reported [28, 29].
The expression of vascular endothelial growth
factor (VEGF) by cancer cells is a major com-
ponent to activate the angiogenic program in
endothelial cells [30]. VEGF expression in breast
cancer cells with tropism to the brain is increased
compared to their parental counterparts [28], and
its expression correlates with enlarged brain blood
vessels and growth of brain metastasis from colon
and lung adenocarcinoma [27]. Lower VEGF
expression or the use of VEGFR inhibitors give
rise to a reduction of angiogenesis subsequently
limiting tumor growth in the brain [27, 28].
VEGF regulation is dependent on hypoxia,
where VEGF is potently induced by the activation of
the transcription factor HIF-1a [31]. Additionally,
under normoxic conditions, activation of a,f; in
cancer cells upon phosphorylation and inactivation
of the translation repressor 4E-BP1 also enables
VEGF expression and tumor angiogenesis [31].
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Fig. 5.3 Advanced stages
of brain colonization
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5.1.3.2 Therapeutic Approaches

More than 40 molecules have been identified to
play a role in the formation of new blood ves-
sels; however, almost all studies focused on
VEFG and its receptors as it is the most potent
angiogenic molecule. Actually, since 2004, ten
drugs have been approved to target VEGF or its
receptors [32]. Apart from VEGF, few studies
focused on other angiogenic molecules in brain
metastasis [33, 34]. Targeting neo-angiogenesis
using anti-VEGF therapeutic antibodies was fre-
quently used to treat brain metastasis; however,
clinical trials did not report decreased incidence
of brain metastasis or increased overall survival
in patients [27, 29, 35-37]. Pre-clinical research
suggests that anti-angiogenic approaches gener-
ate superior therapeutic responses when com-
bined. For instance, drugs targeting VEGFR2
and HER2 in HER2-amplified breast cancer
brain metastasis or inhibition of VEGF together
with inhibitors against angiopoetin-2 work better
than monotherapies [29, 38]. Alternatively, anti-
angiogenic inhibitors can be used to impair the
switch from micrometastasis to macrometastasis.
This preventive scenario has been successfully
validated in experimental models of lung cancer

Clinical stage
Maintenance of metastasis
Macrometastasis

brain metastasis using anti-VEGF inhibitors that
increased overall survival [35].

Inefficacy of anti-angiogenic drugs might
involve the induction of a hypoxic environment
that increases invasiveness and resistance to
therapy. However, a higher proportion of mature
vasculature compared to the primary cancer
site may explain why brain metastasis is not so
dependent on angiogenesis [37]. Alternatively, a
c-Met/p1-integrin complex with pro-metastatic
functions has been found to be blocked by the
binding of VEGF to VEGFR2. This competi-
tive negative regulation preventing the binding
of c-Met to Bl-integrin is suppressed by the use
of VEGF inhibitors, explaining the increased
cancer cell aggressiveness after anti-angiogenic
therapy [33].

Influence of Brain Vessels
on Anti-cancer Therapy
in the Brain

5.1.4

The blood-brain barrier (BBB) acts as a barrier
also for drugs and thus adds a significant caveat
for the treatment of brain disorders [39, 40]. Even
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if the brain is affected by multiple metastases, the
BBB is not completely disrupted. Experimental
evidences have probed that there is a high degree
of inter-lesion heterogeneity regarding the com-
promise of the BBB integrity since only 10%
of brain metastases reach therapeutic levels
of non-permeable drugs [41, 42]. Thus BBB-
permeable drugs seem to be the best strategy to
target brain metastasis as suggested by pre-clin-
ical approaches [42]. Alternatively, other efforts
have been performed to overcome the impedance
of some drugs to penetrate into the brain [43].
Pioneer studies addressing the similarities and
differences regarding inter-lesion heterogeneity
of the BBB have found pericytes as major con-
tributors, where Desmin* pericytes are enriched
in highly permeable lesions [41, 44].

5.2  Astrocytes

Astrocytes are the most abundant glial cell type
in the brain. They encounter and interact with
metastatic cells during the process of brain
colonization. When this interaction happens astro-
cytes become reactive, a cellular state induced
when damage or injury is sensed by this cell type
[45]. Cell-to-cell communication between can-
cer cells and reactive astrocytes includes direct
physical contact but also interactions mediated
by secreted molecules and vesicles. This crosstalk
could have anti- or pro-metastatic consequences.
The complex behavior of astrocytes surrounding
brain metastasis could derive from the intrinsic
heterogeneity of this cell type (Figs. 5.2 and 5.3).

5.2.1 Communication Through

Secreted Molecules

5.2.1.1 Cancer Cells to Reactive
Astrocytes

Secreted molecules can act as paracrine signals
between cancer cells and reactive astrocytes.
Cancer cells from breast cancer brain metastasis
produce IL-1p upon c-Met and MAPK activa-
tion [46]. Cancer cell-secreted IL-1p upregulates
the expression of Jagged 1 in astrocytes, which

signals back to metastatic cells activating Notch
pathway promoting self-renewal of metastasis
stem cells [47]. Additionally, cancer cell-derived
IL-1pB induced the production of HGF by reac-
tive astrocytes, which increases c-Met activation
in metastatic cells in a feed-forward mechanism
[47]. Accordingly, BBB-permeable Notch inhibi-
tor compound E or c-Met inhibitor pterostil-
bene decreased experimental breast cancer brain
metastasis [46, 47].

5.2.1.2 Reactive Astrocytes to Cancer
Cells

Astrocyte-secreted molecules influence brain
metastatic cells. Some of these secreted factors
are found additionally in neuroinflammation,
suggesting that the same molecular pathways that
are induced during brain injury could be involved
in brain metastasis. Lung cancer brain metastasis
co-cultured with astrocytes influence the brain
cell type through the production of IL-8, MIF, and
PAI-1. Activated astrocytes respond to the can-
cer cell secretome producing IL-6, TNF-a, and
IL-1p that stimulate tumor cell proliferation [48].
Moreover, astrocytes produce the neurotrophin
BDNEF that binds to TrkB receptor in HER2+ can-
cer cells supporting the colonization of the brain.
Combined inhibition of HER2 with lapatinib
and TrkB with cyclotraxin B reduces survival of
HER2+ breast cancer brain metastatic cells more
efficiently than each compound individually [49].
Other pro-tumorigenic signal produced by reac-
tive astrocytes includes MMP-9 that promotes
cancer cell invasion by degrading undetermined
components of the extracellular matrix (ECM)
and neo-angiogenesis by releasing VEGF from
the surrounding matrix [18]. Melanoma brain
metastatic cells induce the expression of different
pro-inflammatory factors in reactive astrocytes
including IL-23 [50, 51]. IL-23 produced by brain
metastasis-associated reactive astrocytes induce
the upregulation and secretion of MMP2 in cancer
cells, which promote their migratory and invasive
behavior [50]. Secreted MMP2/9 from reactive
astrocytes can also increase cancer cell migration
and modulate organization of actin stress fibers on
ECM proteins (type I collagen, fibronectin, and
laminin substrates) [52].
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5.2.2 Other Types of Interactions

5.2.2.1 Direct Physical Contact: Gap
Junctions

Astrocytes and cancer cells from melanoma, lung
cancer, and breast cancer form gap junctions that
support brain metastasis growth and contribute
to their resistance to various chemotherapies by
inducing key survival genes [53, 54]. Brain tropic
cancer cells are enriched in PCDH?7, which inter-
acts with the same protocadherin in astrocytes
to assemble Cx43-dependent gap junctions.
Metastatic cells use these intercellular channels to
transfer dsSDNA and cGAMP, which are generated
in high amounts in cancer cells secondary to
proliferative or therapeutic stress, to astrocytes. In
reactive astrocytes, CGAMP binds to STING trig-
gering the expression of the inflammatory cyto-
kines IFNa and TNF in a TBK1/IRF3-dependent
manner. Secreted cytokines activate STAT1 and
NF-kB pathways in brain metastatic cells that
increase their resistance to chemotherapy [55].
The use of the gap junction inhibitors tonabersat
or meclofenamate sensitizes brain metastasis to
chemotherapy.

5.2.2.2 Extracellular Vesicles

The high secretory nature of reactive astrocytes
includes the production of extracellular vesicles.
Reactive astrocyte-derived exosomes contain
miRNAs that are incorporated by tumor cells.
miRNAs contained in the miR-17~92 cluster
epigenetically downregulate PTEN expression
in brain metastatic cells, leading to a deregula-
tion of NF-kB that increases the secretion of
CCL2. Cancer cell-derived CCL2 recruits Ibal*-
myeloid cells, which promotes proliferation and
reduces apoptosis of metastatic cells [56].

5.2.3 Are Reactive Astrocytes Only
Pro-metastatic?

Reactive astrocytes can also play an anti-tumor
role effectively compromising the viability of
breast and lung cancer brain metastasis-initiating
cells [4] (Fig. 5.2). Plasminogen-activator (PA)
secreted by reactive astrocytes surrounding

micrometastasis ~ converts  neuronal-derived
plasminogen into plasmin. Plasmin is lethal to
cancer cells not adapted to this microenviron-
ment by its action on solubilizing FASL, which
acts as a paracrine death signal for cancer
cells, and inactivating L1CAM, a cell adhesion
molecule required for vascular co-option of can-
cer cells (see “Molecular Regulation of Vascular
Co-option”). Serpins, especially neuroserpin and
serpin B2, expressed in some metastatic cells
allow them to block astrocyte-derived PA, thus
protecting cancer cells from plasmin-mediated
death [4].

5.2.4 Evidences of Reactive
Astrocyte Heterogeneity

Astrocyte heterogeneity is not merely restricted
to the functional aspects discussed above, but
also to different molecular profiles. For instance,
nestin is only present in some reactive astrocytes
in the vicinity of brain metastatic cells [18].
Similarly, PDGFRp* reactive astrocytes were
found intermingle with PDGFRf~ ones in breast
cancer brain metastasis [57]. The importance of
dissecting astrocyte heterogeneity to understand
the biology of brain metastasis has been con-
firmed by the transcription factor STAT3. STAT3
is present in a subpopulation of brain metastasis-
associated reactive astrocytes from different
primary origins. This subpopulation of reactive
astrocytes is key for the viability of metastasis in
experimental models and in patients [58]. Drugs
targeting subpopulations of reactive glial cells
have resulted in effective strategies to challenge
brain metastases [57, 58].

5.3  Macrophages
5.3.1 Macrophages in the Brain
Brain  metastasis-associated =~ macrophages

(BMAM) include those resident cells generated
during embryonic stages (non-parenchymal
macrophages and microglia) as well as blood-
borne-derived monocytes, which only enter the
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brain under pathological situations and generate
bone-marrow-derived macrophages (BMDM)
[59, 60]. Although detailed characterization
of each subtype exists [60], they have not been
studied as such in most reports from the litera-
ture. Reactive microglia and macrophages fre-
quently display an ameboid morphology [61] and
increased expression of F4/80, CD68, and Iba-1
and are frequently found surrounding and infil-
trating metastases from lung, breast, melanoma,
and colorectal cancer in patients and mouse mod-
els [18, 60, 62-66]. Differential CD45 expression
levels can discriminate microglia (CD45"Y) from
BMDM (CD45"2") in mouse models but not in
human brain tumors [60]. Tmem119 is enriched
in both human and mouse brain metastasis-asso-
ciated microglia, while CD49D/ITGA4 is only
expressed in BMDMs [60, 67]. Future studies
will benefit from the possibility of dissecting
the specific contribution of each population of
BMAM to brain metastasis.

5.3.2 Functional Contributions
of BMAM

BMAM are not only variable in number, ranging
from 4 to 70% of all cells within human brain
metastases [68] or 5-30% in experimental metas-
tases from breast cancer models [69, 70] but also
regarding the functional contribution to metasta-
sis. Both anti-metastatic as well as pro-metastatic
functions have been described, similar to other
glial components (see “Evidences of Reactive
Astrocyte Heterogeneity™) (Figs. 5.2 and 5.3).
Microglia cells surround cancer cells just
after they extravasate, being one of the earli-
est responders to metastatic colonization [18].
Such behavior might reflect the protective role of
microglia also described in other brain disorders.
In fact, their ability to produce nitric oxide upon
stimulation with danger-associated molecular
patterns (DAMPs) eliminates metastatic cells in
the brain [70, 71]. However, as reported also in
other non-cancer-related brain insults [72], brain
macrophages can contribute to aggravate patho-
logical conditions. Metastatic cells avoid the anti-
tumor behavior of BMAM by producing NT-3,

an inhibitor of microglia activation [73], which
favors brain colonization [70]. Pro-tumorigenic
CCR2* macrophages are attracted to tumor cells
in a CCL2-dependent manner, which is produced
by cancer cells with reduced PTEN levels, facili-
tating the growth of brain metastases in vitro,
ex vivo [74] and in vivo [56].

Instead of behaving as passive brain compo-
nents, BMAM could promote brain metastasis
invasion by producing Wnt5a [64]. Consequently,
the use of Wnt pathway inhibitors could block the
invasive capacity of cancer cells in the brain [64]. In
addition to the crosstalk from BMAM to metastatic
cells, the former alters gene expression in mac-
rophages. Specifically, BMAM increase CXCR4
expression upon interaction with cancer cells
[64]. Use of AMD3100 to disrupt CXCR4 sig-
naling in macrophages negatively impacts cancer
cell-mediated invasion in brain slice organo-
typic cultures [75]. At advanced stages of brain
metastasis, BMAM use proteolytic activity of
cathepsin S (CTSS) to support brain coloniza-
tion. Targeting the protease genetically or with
the inhibitor VBY-999 impairs brain metastasis
formation. Interestingly, expression of CTSS is
only enriched in BMAM at advanced stages of
colonization while early on is produced by can-
cer cells [6].

Identification

and Contribution

of Subpopulations of BMAM
to Brain Metastasis

5.3.3

Intrinsic differences between different types of
BMAM are likely to be important to understand
the variety of behaviors reported. Although
limited, studies that have addressed this hetero-
geneity have noticed important aspects. Non-
parenchymal BMAM that are located in the
meninges are less sensitive to be reprogrammed
into pro-tumor cells in comparison with those
located within the brain parenchyma when
both are under the influence of metastatic cells.
Furthermore, flow cytometry analysis reveals
superior activation state and antigen-presenting
potential of the non-parenchymal BMAM [69].
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Consequently, the existing ties between the loca-
tion of brain macrophages and their ontogeny [76]
might help to dissect their phenotypic complex-
ity in brain metastasis. In addition, the sustained
growth of cancer cells during brain colonization
modifies the microenvironment inducing new
signaling networks. Reactive astrocytes modi-
fied by the presence of cancer cells increase their
production of MIF, which promotes the expan-
sion of the CD74* pro-tumor BMAM. Targeting
MIF-CD74 signaling with the BBB-permeable
drug ibudilast impairs the growth of brain metas-
tasis in organotypic cultures [58].

5.4 Adaptive Immune System
in Brain Metastasis
5.4.1 Mechanism of Immune

Evasion in Brain Metastasis

In spite of being an organ with limited lympho-
cyte infiltration, when metastases affect the brain
this situation changes. Experimental brain metas-
tases are infiltrated by activated CD69* or CD25*
CD8* and CD4* T cells, FoxP3*CD4* regulatory
T cells and NK cells as detected by immunohis-
tochemical analysis and flow cytometry [77-80]
(Fig. 5.3). Myeloid-derived suppressor cells
(MDSCs) and neutrophils also infiltrate brain
metastasis lesions and interact with components
of the adaptive immune system [81].

However, in spite of the presence of potential
anti-tumor components, brain metastases have
been reported to avoid immune attack. Initiation
of the adaptive immune response involves antigen
recognition. Brain metastasis cells from breast
cancer and melanoma modulate the expression of
components of the HLA class I antigen process-
ing pathway to escape from CD8* T cell recogni-
tion. In fact, spontaneous brain metastasis could
be increased by targeting TAP1, a component of
the HLA class I antigen processing machinery
(APM), since tumor cells become less suscep-
tible to cytotoxic-mediated lysis by T cells [82].
Additional mechanisms to escape anti-tumor
immunity have been described with the use of
CpG oligodeoxynucleotides (ODN). The potent

immunomodulatory activity of CpG ODN requires
the activation of TLRO that has to be strongly
expressed by tumor cells in order to induce
cell death and amplify the immune response.
However, TLRY levels in brain metastatic cells
from breast cancer are not sufficient to initiate
this mechanism in vitro upon treatment with CpG
ODN, and thus metastasis in the brain are not as
sensitive as cancer cells in primary tumors [77].
In addition to antigen presentation or the presence
of other cell surface receptors, cancer cells mod-
ify the local brain microenvironment to impair
anti-tumor adaptive immunity. Activation of the
transcription factor STAT3 in reactive astrocytes
induced by the metastatic cell secretome drives a
paracrine mechanism by which PD-L1 expression
but also secretion of molecules with immunosup-
pressive properties as well as components of the
extracellular matrix (ECM) would be responsible
for decreasing the activation state and cytotoxic
activity of CD8" T lymphocytes surrounding
established brain metastases [58].

5.4.2 Experimental
Immunotherapies in Brain
Metastasis

5.4.2.1 Immune Checkpoint Inhibitors

The immune system can be used to challenge the
viability of metastatic cells in the brain of experi-
mental models. Neutralizing antibodies targeting
the immune checkpoint T-lymphocyte-associated
protein 4 (CTLA-4) and programmed cell death
protein 1 (PD-1) are effective against melanoma
brain metastasis. In order to achieve therapeutic
benefit in the brain, the presence of concurrent
extracranial disease is required. PD-1/CTLA-4
blockade increases T cell infiltration in the brain
after a systemic expansion of CD44*CD62L-
effector CD8* T cells. Extracranial disease is
needed to induce ICAM-1/VCAM-1 expression
on brain capillaries to allow efficient extravasa-
tion through the BBB of incoming CD8" T cells
[83]. In a mouse model of osteosarcoma brain
metastasis, combined treatment of radiotherapy
applied to the primary tumor and anti-PD-1
immune checkpoint blockade produced a strong
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systemic anti-tumor response. In this model,
increased numbers of CD4* and CD8* T cells and
decreased MDSCs in peripheral blood were suf-
ficient to reduce tumor burden in the brain [78].
Combination of locally applied radiation with
anti-PD-1 antibody also increased CD4* and
CDS8* T cell infiltration in the brain and reduced
regulatory T cells in the metastatic lesions [78].

5.4.2.2 Vaccines

In vitro irradiated B16 murine melanoma engi-
neered to produce GM-CSF could be used as a
vaccine when implanted subcutaneously in mice.
Even if brain tumors are already established, the
enhanced effector response induced on CD8* T cells
is sufficient to prolong mice survival [79]. Similarly,
vaccines based on lyophilized High Five™ insect
cells engineered to produce IFNf confers tumor-
specific immune protection mediated by CD4+ and
CDS8* T cells that home into the brain targeting
melanoma brain metastasis [80].

5.4.2.3 Viruses

A retroviral replicating vector encoding cytosine
deaminase and 5-FC induces systemic anti-tumor
immunity by stimulating immune memory and
decreasing MDSCs. When applied to a colorec-
tal cancer brain metastasis model, this immune-
based strategy increased mice survival [81].
Adenoviruses can also be used to transduce
dendritic cells to express specific tumor anti-
gens. The melanoma-associated antigen MART-1
effectively activates cytotoxic T lymphocytes
that target melanoma brain metastasis [84].

5.4.2.4 CART Cells

Chimeric antigen receptor-engineered T cells
against HER2 (HER2-CAR T cells) delivered in
the brain have a strong in vivo antitumor activity
in orthotopically implanted breast cancer xeno-
grafts. When administered in the cerebral ven-
tricles, HER2-CAR T cells are able to target
multiple metastatic foci in the brain parenchyma
as well as leptomeningeal deposits. Optimal
CAR T cell responses against brain metasta-
sis require different co-stimulatory signaling
domains. The 4-1 BB co-stimulatory domain is
more effective than the CD28 domain since it

achieves superior T cells cytolytic activity, limits
T-cell exhaustion, and promotes T cell prolifera-
tion [85].
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6.1 Introduction

Central nervous system (CNS) metastases repre-
sent a major cause of morbidity and mortality in
patients with solid tumors. Based on several stud-
ies, the occurrence is estimated to be between 9
and 17%, although the exact frequency might be
higher [1-4]. The reported frequency of detection
of CNS metastases is increasing. This can partly
be explained by the development of more accu-
rate methods that allow for earlier detection of
CNS metastases [4, 5]. Another contributing fac-
tor may be the more efficacious treatment of can-
cer outside the CNS. As 25-30% of the CNS
metastases are at first clinically asymptomatic
[4], awareness of risk factors for their develop-
ment should be taken into consideration for fur-
ther screening of patients. For instance, lung
cancer, breast cancer, and melanoma are tumors
well known to have relatively high propensity to
metastasize to the brain [6].

Neuroimaging is a very powerful diagnostic
tool for further exploration of presence/absence
of CNS metastases in case neurological symp-
toms develop or for screening of cancer patients.
Also, this diagnostic tool allows for monitoring
tumor progression and treatment response. An
important disadvantage of neuroimaging tech-
niques is that (at least so far) it is difficult to gen-
erate information on molecular characteristics of
the tumor, while such information is increasingly
important for optimal diagnosis and treatment.

Tissue biopsy remains the most definitive test
to obtain detailed (histopathologic and molecu-
lar) information about the tumor [4]. Of note, the
pathological analysis of a single biopsy provides
“snap-shot” information, reflecting the tumor in a
specific moment in time and not necessarily
revealing all relevant information on, e.g., intra-
tumoral (molecular) heterogeneity. Also, in a
patient with multiple CNS metastases, often only
one lesion is biopsied/resected. Not infrequently,
information obtained in the primary tumor is
extrapolated because the benefits of obtaining
material of the CNS metastases itself are consid-
ered to not outweigh the costs including the nega-
tive side effects of the surgical procedure. For the

same reason, repetitive sampling of CNS metas-
tases for pathological analysis is generally
avoided [4, 7, 8].

Several body fluids (especially blood and
CSF) have been shown to carry tumor-derived
material, analysis of which may provide valuable
information for diagnostic, prognostic, predic-
tive, and/or therapy monitoring purposes [9].
Liquid biopsy is a minimally invasive diagnostic
approach that is based on the analysis of such
tumor-derived information in “biofluids” and
theoretically allows for real-time and repetitive
assessment of, e.g., molecular features. Thereby,
liquid biopsies have the potential to provide
information in patients with (suspected) CNS
metastases that is complementary to the neuroim-
aging and tissue analysis findings. Inclusion of
liquid biopsy analysis as diagnostic tool may
overcome some of the limitations of aforemen-
tioned diagnostic platforms currently imple-
mented in the clinic.

6.2 Biosources in Liquid Biopsies
Several biofluids can be considered for a liquid
biopsy, namely, serum or plasma (both from
whole blood samples), CSF, urine, saliva, pleural
effusion fluids, and bronchial washings. From
these biofluids, different biosources can be ana-
lyzed that may contain information regarding the
disease state of the sample’s donor. The analysis
of specific proteins, metabolites and electrolytes
and of tumor cells in biofluids has already been
performed since the nineteenth century in the
realm of what is known as clinical biochemistry
and cytopathology, respectively. In this respect,
liquid biopsies are thus not that new. However,
the liquid biopsy is nowadays generally under-
stood as a term that includes a much broader
spectrum of analyses. In cancer patients, bio-
sources that are being investigated in liquid biop-
sies (Fig. 6.1) thus not only encompass circulating
proteins (CPs), metabolites, and circulating
tumor cells (CTCs) but also circulating nucleic
acids (CNAs), extracellular vesicles (EVs), and
tumor-educated platelets (TEPs).
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Fig. 6.1 Liquid biopsy in blood and CSF. Cells from pri-
mary tumors such as lung cancer, breast cancer, and mela-
noma can get released into the blood circulation and
disseminate to the CNS (arrow), where they may form
metastases in different compartments (intraaxial/CNS
parenchyma, leptomeningeal, dura) and/or circulate in the
CSF. Liquid biopsies for the diagnosis of these CNS
metastases can be improved by thorough sampling and
examination of bodily fluids (depicted biofluids are CSF
(yvellow) and blood (red)). After isolation of CNAs, CTCs,
TEPs, EVs, or CPs (grouped as biosources) from these
fluids, subsequent genomic, transcriptomic, and/or pro-
teomic analysis (each biosource is connected to the analy-
sis approach by an arrow) provides the information that
can indeed be used for clinical purposes. Obviously,
repeated CSF examination is more cumbersome for the
patient than serial blood sampling. However, CSF is

derived from the intradural compartment and thus in
closer contact with CNS metastases than blood. The qual-
ity and quantity of tumor-derived information that is
“seeping” from the intradural compartment into the blood
circulation (dashed arrow) is likely highly variable and
dependent on factors like nature, extent, and exact loca-
tion of the metastases and further influenced by the degree
of blood-brain barrier disruption. It is presently unclear
how reliably such information in the blood can be used for
the clinical diagnosis of CNS metastasis. Importantly,
especially in patients in which the primary tumor and/or
extradural metastases are still present, it can be expected
to be very difficult to designate signals in the blood as
being derived from the CNS metastatic disease. CSF may
therefore continue to represent the more informative bio-
fluid for liquid biopsy diagnosis of CNS metastasis
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6.2.1 Circulating Tumor Cells

Primary and metastatic tumors often release
some cells into the bloodstream, the so-called
CTCs [10]. Thomas Ashworth is reported to be
the first to describe the presence of CTCs in
blood and their resemblance to the tumors from
which they originated [11]. Obviously, detailed
analysis of these CTCs may provide useful infor-
mation about the neoplasms from which they are
derived. Indeed, CTCs are now widely recog-
nized as important not just because of their role
in the metastatic process but also as a source of
biomarkers when aiming for liquid biopsy diag-
nostics. While most CTCs circulate as single
cells, microemboli containing clusters of CTCs
have also been observed and exhibit distinct phe-
notypic and molecular characteristics in compari-
son to single CTCs [12—14]. Due to the short life
of CTCs combined with the harsh conditions in
the bloodstream, generally only a limited number
of CTCs can be isolated from a blood sample
[15]. However once captured the CTCs provide a
unique source of tumor/cancer-derived biomark-
ers such as DNA, RNA, and proteins.

As summarized by Alix-Panabieres and Pantel
[16], CTCs can be harvested by different assays
that use their biologic and physiologic properties.
CTC assays generally start with an enrichment
step that increases the concentration of CTCs and
thereby facilitates their detection. The enrich-
ment can be done by using particular antibodies,
selecting cells from the blood using antibodies
for epithelial markers (such as epithelial cell
adhesion molecule (EpCAM)) or for mesenchy-
mal markers. Furthermore, in order to remove
different types of leucocytes from the samples,
antibodies against CD45 can be used. Examples
of techniques using the antibody positive selec-
tion approach are (ex vivo) CellSearch® system,
MagSweeper™, EPHESIA CTC-chip, and
Velcro-like device and (in vivo) CellCollector®
and photoacoustic nanodetector [16]. Other
assays exploit the physical properties of CTCs by
using, e.g., filtration, Ficoll gradient, electric
field, and/or single spiral microchannel.

After enrichment, several techniques can be
used to further characterize CTCs:

1. Immunological technologies, using, e.g., anti-

epithelial, anti-mesenchymal, anti-tissue-
type-specific, and/or  anti-tumor-marker
antibodies. ~ These  immunocytochemical

approaches can be applied using technologies
like flow cytometry, CellSearch® system, and
DEPArray®. The CellSearch system (Menarini
Silicon Biosystems) is an FDA (US Food and
Drug Administration)-approved detector for
CTCs expressing EpCAM in patients with
metastatic breast, prostate, or colorectal can-
cer. Until now, however, this technology is not
very widely used because the test reveals
prognostic rather than predictive information
and does not (yet) have a major impact on
therapeutic management.

2. Molecular RNA-based technologies, such as

multiplexed reverse transcription (RT)-PCR
combined with liquid bead array, allow simul-
taneous amplification and detection of multi-
ple transcripts, using multi-parameter
RT-quantitative PCR (RT-qPCR). Recent
introduction of next-generation sequencing
(NGS) techniques (e.g., RNA sequencing)
will further advance to the molecular (tran-
scriptomic) analysis and characterization of
captured CTCs.

3. Functional assays: In vitro, viable CTCs can

be detected by using the fluoro-EPISPOT
technology which consists in the capture of
proteins secreted by the CTCs by matrix-
bound antibody at the bottom of the culture
dish, followed by a second fluorochrome-con-
jugated antibody or by performing an invasion
assay using CTC secreted molecules captured
by the matrix (fluorescents). In vivo, xeno-
transplantation of CTCs with stem cell prop-
erties to an immune-deficient murine host can
subsequently give rise to tumor growth.
However, this approach has limitations as it is
highly dependent of factors such as the mouse
strain [16] and the time needed to develop
detectable tumor. Although these CTC-based
functional assays so far lack robustness
required for clinical implementation, their use
in experimental settings is important for fur-
ther elucidation of the tumor cell biology in a
more representative way than in vitro.
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6.2.2 Circulating Nucleic Acids

CNAs are extracellular nucleic acids (DNA,
RNA) present in plasma, serum, lymphatic fluid,
and CSF. Recent advances in molecular assays
development such as NGS have significantly
increased sensitivity and specificity of tests for
identification of CNAs in liquid biopsy. Indeed,
the detection of CNAs is nowadays a common
diagnostic test for the diagnosis of fetal disorders
and increasingly applied for molecular testing of
samples from patients with cancer [17]. Relatively
high concentrations of CNAs are related to cell
apoptosis and can be detected in the plasma of
cancer patients. CNAs encompass:

1. Circulating DNA: Cell-free DNA (cfDNA),
including circulating tumor-derived DNA
(ctDNA)

2. Circulating RNA: Cell-free RNA (cfRNA),
including messenger RNA (mRNA), micro-
RNA (miRNA), and circular RNA (circRNA)

ctDNA can be released by (primary and meta-
static) tumors directly into the circulation as well as
by CTCs. Most of the ctDNA fragments are con-
sidered to be released by apoptotic and necrotic
cells. Non-malignant cells also release cfDNA. This
has been identified as a confounding factor as in the
circulation of cancer patients the ctDNA ratio is
low compared to the total cfDNA [18]. The half-
life of ctDNA in circulation is reported to be
between 16 min and 2.5 h [19, 20]. Sensitive and
specific technologies such as BEAMing, Safe-
SeqS, TamSeq, and digital droplet PCR (ddPCR)
have recently been introduced as approaches for
the detection of ctDNA including the detection of
point mutations. These technologies aim for detec-
tion of mutations in a set of predefined genes, like
KRAS in the context of epidermal growth factor
receptor (EGFR) blockade by antibodies. Also,
untargeted approaches like array-CGH or whole-
exome sequencing/whole-genome sequencing
(WES/WGS) can be used. These latter technolo-
gies enable to screen the genome, establish copy-
number changes, and discover new genomic
aberrations, like those that confer resistance to a
specific targeted therapy [21].

To date, there are two FDA-approved cfDNA-
based tests: the cobas EGFR mutation Test v2
(Roche Molecular Diagnostics), which is a real-
time PCR test for the qualitative detection and
identification of mutations in exons 18, 19, 20,
and 21 of EGFR in DNA derived from formalin-
fixed paraffin-embedded (FFPE) tumor tissue or
from plasma of patients with non-small cell lung
cancer (NSCLC), and Epi proColon (Epigenomics
AG), a qualitative assay for PCR detection of
methylated Septin9 DNA, the presence of which
is associated with colorectal cancer [22—-24]. For
these two tests, clinical utility has already been
demonstrated.

Recent study by Mouliere and coworkers
exploited the endogenous biological properties of
cfDNA to reveal characteristic differences in frag-
ment lengths of circulating DNA [25]. The analy-
sis shows an enrichment of ctDNA in fragment
sizes between 90 and 150 base pairs. By focusing
on the size-selected cfDNA, they identified clini-
cally actionable mutations and copy number alter-
ations that were otherwise not detected. This
interesting new approach could be exploited to
further enhance sensitivity for detecting the pres-
ence of ctDNA in liquid biopsies [25].

Furthermore, studies addressing the methyla-
tion profiles of ctDNA from blood samples and
matched tumor tissue of several cancers have
shown that DNA methylation patterns of ctDNA
and tumor tissue are well correlated [26].
Recently, new assays utilizing the enrichment of
methylated ctDNA by immunoprecipitation-
based protocol in combination with lower
sequencing depth (i.e., cfMeDIP-seq) can
greatly improve detection of ctDNA in small
quantities of circulating DNA pool. This
approach exhibited a robust performance in can-
cer detection and classification across an exten-
sive collection of plasma samples from patients
with several tumor types [27].

While clinical translation of ctDNA detection
for cancer diagnosis has been attracting much
attention, the analysis of circulating “free” RNA
isdifficult as plasma contains potent ribonucleases
(i.e., RNases) that, in principle, destroy any free
RNA. Nevertheless, tumor-derived extracellular
RNAs are detectable in plasma and serum and
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appear to be protected from degradation through
formation of the protein-bound RNA complexes
[28] and by RNA inclusion within EVs [29-31].

6.2.3 Extracellular Vesicles

EVs encompass two major classes: exosomes
and shed microvesicles (sMVs). EVs are derived
from endosomal multivesicular bodies. sSMVs are
larger than exosomes, and they are formed by
direct outward budding of cytoplasmic protru-
sions [32]. EVs can be found in virtually all
bodily fluids including blood, CSF, saliva, and
urine [33]. Tumor cells have been shown to
secrete more exosomes than normal cells [34].
The interest in EVs as a source of diagnostic
information has rapidly increased by discovery
that EVs have specific profiles based on the con-
tent of RNA (messenger RNA (mRNA), long
non-coding RNAs (IncRNA), and miRNA), DNA
(both double- and single-stranded DNA (dsDNA
and ssDNA)), and proteins, thereby reflecting
their cell of origin [35]. circRNAs have been also
demonstrated to be enriched in exosomes [36].
Additionally, the pattern of integrins (i.e., trans-
membrane receptor proteins) on the surface of
exosomes derived from tumor cells may provide
insight into the organotropism of (future) meta-
static behavior [37]. Altogether, this makes espe-
cially the “cargo,” but maybe also the “package”
of EVs interesting candidates for biomarkers for
clinical cancer diagnostics.

6.2.4 Tumor-Educated Platelets

Platelets are anucleated cells derived from mega-
karyocytes in the bone marrow and lung [38].
These cells lack a nucleus; however they contain
pre-mRNAs, miRNA, IncRNA, circRNA, mito-
chondrial DNA, a functional spliceosome, and a
protein translation machinery [39, 40]. Platelets
have a life span of approximately 7-10 days,
after which they travel to the spleen and are
degraded. Platelets interact with cancer cells in

the tumor microenvironment (TME) and with
CTCs that have entered the bloodstream. This
interaction can alter the RNA expression of plate-
lets and result in their “education,” which can be
detected with RNA sequencing or digital
PCR. The potential of TEPs as a noninvasive bio-
marker for RNA biomarker panels was relatively
recently advocated. In 2015 it was reported that
RNA analysis of TEPs allows for discrimination
of cancer patients from healthy individuals with
high accuracy [41]. Two years later, high-accu-
racy performance of the test was reported when
using a particle swarm optimization algorithm
(PSO) for detection of cancer [42]. Analysis of
tumor-derived biomarkers in platelets by digital
PCR can also be exploited to predict therapy
response [43].

However, larger series of patients, including
those with early-stage cancer and with inflamma-
tory or other non-neoplastic diseases, need to be
analyzed in order to further assess the value of
such a test for clinical practice.

6.2.5 Circulating Proteins
and Metabolites

In the processes related to cancer development,
growth, and metastases, proteins have a crucial
role and represent the link between genotype and
phenotype. Already for a long time, a lot of effort
has been put into the discovery of protein-based
biomarkers with clinical utility [44—47]. Because
the majority of targeted therapies are directed
against proteins, there is a strong focus in bio-
marker discovery on the measurement of such
molecules [29]. Regardless of these efforts, so far
only a few serum protein-based biomarkers (e.g.,
PSA, CEA, CA125, or CA19-9) were approved
by the FDA for clinical use [29, 48].

Current advances in the development of multi-
plex technologies for proteomics discovery are
enabling systematic analysis of a complete pro-
teome as an integrated system. In particular,
mass-spectrometry-based proteomics have gener-
ated comprehensive protein maps of all frag-
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mented peptides obtained from a sample.
Subsequent bioinformatics approaches, such as
machine learning tools, have generated high-qual-
ity protein association maps providing insight into
the composition, structure, and function of the
proteome as a whole [49]. It is anticipated that
these advances will greatly contribute to the fields
of cancer diagnostic and precision medicine.

In addition to proteins, during tumor growth
the metabolism of the cancer patient is altered
and metabolite levels in circulation can poten-
tially serve as biomarkers [50]. Examples are the
levels of glycogen, branched-chain amino acids
(BCAAs), pyruvate, insulin, and fatty acids.
Based on a study on early development of pan-
creatic cancer, it was reported that currently
unknown signals may induce cessation of long-
term protein storage, thereby resulting in an
increase of BCAAs in circulation [51]. In con-
trast, NSCLCs may rapidly take up BCAAs,
causing a decreased BCAA levels in plasma
[52]. Such studies suggest that more detailed
analysis in liquid biopsies of proteins and metab-
olites may indeed be of additional value for the
clinical diagnosis of cancer patients.

6.3  Liquid Biopsy Diagnosis
of CNS Metastases
6.3.1 CSF Cytology

CSF represents a relatively easily accessible
body fluid and a rich source of cancer-related
biomarkers which indeed have already been
exploited to some degree for the detection of
CNS malignancies [53-55]. Abnormalities on
routine CSF analysis are observed in more than
90% of the leptomeningeal metastasis (LM)
patients. These include increased opening pres-
sure (>200 m H,0), increase of the number of
leucocytes (>4/mm?), elevated total protein
amount (>50 mg/dL) and lactate dehydrogenases
(LDH), and decrease of glucose concentration
(<60 mg/dL) [56, 57]. Although the abnormal
cell count and altered biochemical parameters in

CSF may seem associated with LM, these altera-
tions lack specificity for LM diagnosis as they
can be found also in other neurological disease
[58, 59].

For decades, CSF cytology has been the “gold
standard” technique for the diagnosis of LM [60,
61]. According to the recently published guide-
lines of the European Society of Medical
Oncology (ESMO), the results of this analysis
are ideally reported as “positive” in the presence
of malignant cells in CSF, “equivocal” when only
suspicious or atypical cells are detected, or “neg-
ative” in the absence of malignant, equivocal, and
atypical cells [56]. This assay has high specificity
(>95%) but low sensitivity (<50%), which may
lead to under-diagnosis of LM [62]. The volume
of CSF sample is reported to have impact on the
sensitivity of the assay: with a larger volume of
CFS (>10 mL), the sensitivity may rise to
80-90% [55, 56, 58, 62-64]. After obtaining
CSF, it is very important to process the sample as
quickly as possible in order to avoid suboptimal
preservation of cells [62]. The sensitivity of CSF
cytology can be further increased by using
Thinprep, which is a liquid-based cytology
method. It ensures the collection of most of the
cells in the CSF samples with minimal distortion
and therefore permits an adequate preservation of
the cellular and subcellular structure [65].

As CSF cytology is a non-quantitative method
with relatively low sensitivity, it does not readily
allow for monitoring disease burden. New tech-
nologies, such as flow cytometry (FC) and genetic
analysis, may help to more accurately diagnose
and monitor CNS metastatic disease. FC is a
highly sensitive cytological technique, able to
detect malignant cell in a small volume of CSF. It
exploits fluorescent antibodies to identify expres-
sion of particular proteins on the surface of CTCs
[55, 62]. FC is a fast and automated method
which allows a more objective determination of
CNS tumor burden [55, 66]. This assay can be
performed by using standard FC equipment,
facilitating its introduction in clinical analysis.
FC has been shown to be very effective for detec-
tion of CTCs with epithelial origin in CSF by
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using antibodies against EpCAM. One study
even reported a sensitivity and specificity of up to
100% for the diagnosis of LM in patients with
carcinoma, albeit in a small series. This
EpCAM-based FC assay enabled detection of
CTCs even in case of a cell count below 50 cells/
ml (i.e., a situation in which the traditional cytol-
ogy analysis is often negative) [58]. The
CellSearch assay is a similar, EpCAM-based
detection method. CellSearch is a FDA-approved
assay for detection of CTCs in blood from solid
tumors and has recently been modified for CSF
analysis. EpCAM+ CTC detection by CellSearch
was reported to have a sensitivity between 76 and
100% for the diagnosis of LM in patients with
carcinomas such as lung and breast cancer [67—
69]. CellSearch was also exploited for the detec-
tion and enumeration of CTCs in the CSF of
melanoma patients with LM using particular
melanoma cell markers. Again, the assay was
reported to allow for quantitative analysis of
CTCs, even in samples with a low number of
malignant cells [70].

These new assays for detection of CTCs are
not only more sensitive, specific, and quantitative
than conventional CSF cytology but also can pro-
vide more detailed molecular information that
may give new knowledge of the metastatic pro-
cess in CNS. However, standardization of the
procedures and proper validation studies with
larger cohorts of patients and adequate control
groups are needed for definitive assessment of
these tests. Also, it is important to realize that
(metastatic) carcinoma cells may lose EpCAM
expression, e.g., in the course of epithelial to
mesenchymal transition (EMT) [71]. This phe-
nomenon may explain why in some cases
EpCAM-based FC results were negative while
traditional CSF cytology analysis was clearly
positive.

6.3.2 Other CSF Biosources

CTCs are not the only cancer-related biosource in
CSF in patients with CNS metastases. Cell-free
circulating tumor DNA (ctDNA) is present in

CSF as well and represents another useful source
to obtain genetic information about (presence/
absence of) metastases. Unlike CTCs, which
require an isolation method based on protein sur-
face markers, cell-free DNA can be easily iso-
lated by centrifugation. Comparative studies
using massive parallel sequencing showed that
detection of CSF ctDNA has a higher sensitivity
than analysis of ctDNA from plasma for the diag-
nosis of CNS metastases. Importantly, detection
of CSF ctDNA complements the diagnosis of
leptomeningeal carcinomatosis (confirmed by
autopsy) where the results further show that the
CSF ctDNA analysis provides detection of dis-
ease at a level not measurable by cytologic analy-
sis [54, 72].

Genomic alterations present in CSF ctDNA
of patients with known or suspected CNS
metastases are generally consistent with the
molecular profile that has been found in the pri-
mary tumor and/or plasma, but they also may
encompass unique alterations [53, 73, 74]. For
example, using NGS, Li et al. analyzed genetic
alterations in primary EGFR-mutant NSCLCs
of patients with LM as well as ctDNA in CSF
and plasma of these patients. They found that
unique genetic profiles of driver and resistance
genes of LM, as CNVs of MET, KRAS and
ERBB2, and LOH of TP53, were captured in
CSF ctDNA [74]. Sequencing of CSF-derived
ctDNA can also be used to obtain genetic infor-
mation from patients with CNS metastatic dis-
ease of carcinoma of unknown primary (CUP)
that indicates the origin of the tumor and
thereby facilitates tailored management of the
patient [75].

Changes in the molecular profile of CSF
ctDNA may reveal changes of CNS tumor burden
during treatment [72, 75-77]. Exploiting poly-
merase chain reaction (PCR) analysis to evaluate
specific EGFR mutations in CSF, ctDNA may
allow improved assessment of the efficacy of
EGFR tyrosine kinase inhibitor treatment in
patients with LM and/or brain metastases [76,
77]. Genetic analysis of CSF-derived ctDNA has
also been reported to be useful in the follow-up of
the treatment of patients with human epidermal
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growth factor receptor (HER2) positive breast
cancer metastatic to the CNS. Recently, Siravegna
and coworkers emphasized the need for a paired
analysis of plasma and CSF ctDNA in the man-
agement of such patients [72].

The measurement of tumor markers such as
CAE, CA15.3, CA125, and CA19.9 in CSF is
already used for quite some time for diagnosing
CNS metastases in patients (suspect) to have can-
cer [55, 78, 79]. More recently, proteomic pro-
files in CSF were investigated as a potential
biomarker source for this diagnosis. In particular
high level of adhesion molecules (VCAMI and
ICAM 1), cytokines (IL-8, IL-18, PRAC, and
IP-10), and other proteins (VEGF and SDF-1)
were reported to have a potential diagnostic util-
ity for discriminating cancer patients without LM
and with LM [57, 79, 80]. Similarly, information
on peptides derived from proteins involved in

host-disease interaction, inflammation, and
immune defense (serotransferrin, alphal-anti-
chymotrypsin, hemopexin, haptoglobin, and

transthyretin) has been associated with presence
of cancer [66].

Abnormal metabolic state of (CNS) cancer
cells leads to an altered release of metabolites in
the CSE. Mass spectrometry analysis has identi-
fied an elevated level of 20 and 5 metabolites in
the CSF of patients with metastatic breast and
lung cancer, respectively [81]. In addition, the
microRNA signature may represent another
source of biomarkers in CSF. Using Nanostring
technology, Drusco et al. [82] investigated CSF
total RNA in different groups of individuals/
patients (“normal,” benign tumor, glioblastoma,
medulloblastoma, and lymphoma) and found dif-
ferential expression of has-miR451, has-miR711,
has-miR935, has-miR223, and has-miR125b
among the groups. Teplyuk et al. [83] reported
elevated levels of miR-10b and miR-21 in CSF of
patients with brain metastases of breast and lung
cancer and glioblastoma. In the same study, a sig-
nature of 7 microRNAs enabled discrimination
between metastatic brain tumor and glioblastoma
with an accuracy of over 90%. Additionally,
overexpression of lung and breast cancer miR-
NAs that belong to the miR-200 family and their

detection in CSF may hold the potential to dis-
criminate between primary (e.g., glioblastoma)
and metastatic brain tumors [83].

CSF thus represents a biofluid with a lot of
potential for improved liquid biopsy diagnosis of
CNS metastases. Obviously, CSF is derived from
the intradural compartment and thus in closer
contact with CNS metastases than blood. The
quality and quantity of tumor-derived informa-
tion that is “seeping” from the intradural com-
partment into the blood circulation is likely
highly variable and dependent on factors like
nature, extent, and exact location of the metasta-
ses and the degree of blood-brain barrier disrup-
tion [54, 72]. However, there is variable clinical
reluctance to perform lumbar punctures for diag-
nostic reasons, partly because such a puncture
may be cumbersome for the patients, and in par-
ticular if there is a strong concern of inducing
brain herniation due to the presence of an intra-
cranial mass.

6.3.3 Blood

As an alternative and much more easily accessi-
ble biofluid than CSF, blood should be consid-
ered. A study by Lohr et al. [84] demonstrated
that up to 90% of mutations present in prostate
cancer could be detected in blood samples using
exome sequencing of immune-purified CTC in
patients with metastatic prostate cancer.
Furthermore, tumor-specific mRNA and miRNA
could be detected in serum exosome prepara-
tions obtained from patients with glioblastoma
[85]. Several early phase studies have been per-
formed using blood for liquid biopsy diagnosis
in patients with several types of cancers includ-
ing CNS tumors [86]. Such findings suggest that
indeed blood may be a potent liquid biopsy
source for molecular diagnostics of metastatic
disease. Importantly, however, especially in
patients in which the primary tumor and/or
extradural metastases are still present, it may be
difficult to unequivocally designate signals in
the blood as being derived from the CNS meta-
static disease.
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To establish the utility of blood-based liquid
biopsy for detection of CNS metastases would
require the analysis of longitudinal blood sam-
ple collection which will allow for not only the
discovery of molecular biomarkers for CNS
metastases but also for monitoring treatment
response and distinguishing tumor recurrence
from pseudoprogression. Furthermore, such
studies may boost the identification of blood-
derived biosources indicative of organ-specific
pre-metastatic process [34]. Theoretically and
ideally, for patients with HER2-positive breast
cancer, melanoma, or non-small cell lung can-
cer (NSCLC) who have the highest risk of
developing brain metastases, the major break-
through would come from the design of thera-
peutic strategies that prevent CNS metastasis
occurrence. Improved understanding of the
molecular mechanisms that drive organotro-
pism of metastases in combination with using
blood as liquid biopsy source for early detec-
tion of (imminent) metastatic dissemination
could ultimately even allow prevention of CNS
metastases to occur.

Conclusions and Future
Perspectives

6.4

Current standard approaches for the diagnosis
and monitoring of CNS metastases, such as neu-
roimaging and tumor tissue analysis, suffer
from several limitations. Neuroimaging does
not (yet) provide molecular information and
especially for the diagnosis of LM may have
suboptimal accuracy. Surgical biopsies of the
CNS can be challenging, and such a biopsy may
not fully capture intratumoral heterogeneity
[81]. Integrated analysis of CTCs, CNAs, EVs,
TEPs, CPs, and metabolites can potentially help
characterizing the global tumor genome and
transcriptome. At the moment CTCs and ctDNA
are the biosources most commonly studied in
the context of liquid biopsies, with CSF and
blood as “biofluids” in patients with CNS meta-
static disease.

Minimally invasive procedures for sampling
bodily fluids open the possibility for frequent
“biopsies” and longitudinal follow-up of
patients, thereby monitoring treatment efficacy
and allowing for early detection of disease pro-
gression and timely adjustment of therapeutic
management. Indeed, several studies have
recently reported the usefulness of CSF sam-
pling for detection of CNS metastases and treat-
ment monitoring [53]. While CSF may be a more
optimal source for detection of CNS metastasis-
derived nucleic acids (ctDNA and RNA) and
CTCs, it has the disadvantage that lumbar punc-
ture is a more invasive procedure than drawing a
blood sample by venipuncture.

It is still unclear which liquid biopsy bio-
source is best suited for early detection of CNS
(micro)metastases. Also, the potential of liquid
biopsy-based analysis on determining the exact
location (intraaxial/CNS parenchyma, lepto-
meningeal, dura) and the extent of CNS metas-
tases is currently unclear. Although several
challenges remain, standardization and valida-
tion of currently available techniques (Table 6.1)
is crucial for moving liquid biopsies towards
clinical application for early detection of CNS
metastases.

Additional pre-clinical studies addressing the
biology of information obtained by liquid biop-
sies on, e.g., organotropism are required.
Exosomes from “CNS-tropic” tumor cells were
reported to fuse preferentially with brain endo-
thelial cells. This indicates that the exosomal
integrins pattern can potentially be used to pre-
dict organ-specific metastases [37]. Integrated
analysis of both blood- and CSF-derived EVs
may hold the information necessary to predict
or to determine the location of metastases within
the CNS. In addition, the work by Cohen and
coworkers [87, 88] has emphasized the molecu-
lar power of combining ctDNA and protein bio-
markers which significantly improved tumor
detection accuracy. Integration of the data
derived from different biosources may help to
overcome the issue of low levels of individual
molecular biomarkers and pave the way for
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Table 6.1 Summary of methods and assays currently used for the detection and analysis of liquid biopsy (LB) bio-
sources: CTCs, ctDNA/ctRNA, proteins, metabolites, EVs, and TEPs; methods to isolate and analyze blood-derived
biosources for cancer detection and from CSF for CNS metastases detection

LB methods/assays used for detection
Biosource LB methods/assays used for detection of cancer in blood | of CNS metastases in CSF
CTCs Ex vivo: e Cytology
* Flow cytometry * Flow cytometry
* CellSearch® * CellSearch®
¢ MagSweeper™
* EPHESIA
e CTC-chip
* Velcro-like device
* BEAMing PCR
In vivo:
* CellCollector®
* Photoacoustic nanodetector
In vitro:
* EPISPOT
ctDNA/ * NGS * NGS
ctRNA ¢ Real-time PCR; cobas EGFR mutation Test v2 (Roche ¢ ddPCR
Molecular Diagnostics) * WES
* qPCR: Epi proColon (Epigenomics AG) e CellMax cutting-edge SMSEQ
« BEAMing * ARMS PCR
 Safe-SeqS e Real-time PCR
* TamSeq * Nanostring
« Digital droplet PCR (ddPCR)
* WGS
e Array-CGH
* Exome sequencing
Proteins * ELISA * MI-Assay
* Immunoassays » Radioimmunoassay
e ELISA
* Modular Analytics SWA
MALDI-TOF/FTICR
Metabolites |+ Mass spectrometry * Mass spectrometry
EVs ¢ EVs number and size: Tunable Resistive Pulse Sensing | (Not implemented for CNS metastases
and Nanoparticle Tracking Analysis detection)
* Antibody-based assays
¢ Nano FC: Apogee
TEPs * ThromboSeq (Not tested in CSF)

Assays recently approved by FDA for detection and analysis of liquid biopsy biosources are in bold

blood-based liquid biopsy diagnostics for CNS References

metastases as well.
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BBB Blood-brain barrier

BLI Bioluminescence
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7.1 Introduction

Preclinical models are paramount to decipher
molecular mechanisms of brain metastases and to
develop new therapeutic options. The metastatic
process, the movement to and progressive colo-
nization of distant sites by tumor cells, comprises
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convoluted and dynamic stages: (1) the tumor
cells migrate away from the primary tumor; (2)
acquire the capacity to intravasate and survive in
the vasculature; (3) extravasate at a distant organ
to finally survive, potentially through a dormancy
phase; (4) and proliferate [1]. At each stage,
tumor cells need to circumvent immune surveil-
lance and adapt to each new microenvironment
[2]. In parallel, tumor-secreted factors and extra-
cellular vesicles may actively prepare the distant
organ, forming the premetastatic niche, to lodge
and promote the growth of the arriving tumor
cells [3]. Brain metastases evolve in a unique
environment, composed of brain-resident cells,
such as microglia and astrocytes, and insulated
by the blood-brain barrier (BBB), a multicellular
dynamic structure regulating exchanges between
the blood and the central nervous system [4].
A neuroinflammatory response, consisting of
reactive microglia and astrogliosis, is observed
around the metastatic lesions [5], as well as
infiltrated lymphocytes [6-8]. While parenchy-
mal metastases are the most prevalent, cancer
cells can also grow along the meninges, tissues
covering the brain and spinal cord, and inside
the cerebrospinal fluid, forming leptomeningeal
metastases [9, 10]. As the cancer cells co-opt the
brain vasculature [11] and proliferate, the BBB
develops into the blood-tumor barrier (BTB)
[12, 13]. Due to the complexity of the metastatic
cascade and the singularity of the brain micro-
environment, in vitro models are inadequate and
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limiting. Progress in understanding the brain
metastatic process depends on the development
of relevant animal models, mirroring the clini-
cal observations and recapitulating the metastatic
cascade in its dynamic milieus.

Judicious choices of animal models combined
with appropriate quantitative tools are crucial
to answering scientific questions. In this chap-
ter, the first part will present the animal models
and analytical technologies. While essentially
murine, the animal models differ by the primary
tumor of origin (lung vs. breast vs. melanoma);
the species of the tumor cells (human vs. mouse),
which will determine the immunocompetence
of the host; and the injection/implantation site
of the cancer cells. A description of the avail-
able quantitative and imaging technologies will
subsequently follow. This first part will end with
an overview of non-rodent in vivo models. Each
model presents some advantages and inconve-
niences, determined by the scientific questions.
In the second part of the chapter, we will review
three main research questions: (1) understanding
the biological underpinning of the metastatic pro-
gression, (2) identifying the bi-directional com-
munication between the immune system and the

a
Intracranial
Nntracarotid
\%lntracardiac
Subcutaneous

Mammary
fat-pad .-659,..

Fig. 7.1 Generation of brain-tropic cancer cells. (a)
Various routes of administering cancer cells in rodents to
study metastasis. (b) Establishment of brain metastatic

tumor cells, and (3) evaluating therapeutic com-
pounds. For each research question, the relevant
animal models and experimental designs will be
discussed.

7.2  From Technical Perspectives:
Overview of What Is
Available

7.2.1 Rodent Models

Mice are the most commonly used animals for
brain metastasis research. Few genetically engi-
neered mouse models (GEMM) efficiently form
brain metastases [14—16]. Therefore, most stud-
ies have relied on allograft or xenograft mod-
els, i.e., injection of cancer cells into the animal
(Fig. 7.1a). Historically, the earliest mouse mod-
els of brain metastasis were developed by inject-
ing cancer cells directly into one of the carotid
arteries. Following blood flow, the cancer cells
are arrested in the brain vasculature where they
can extravasate to form brain metastases. When
injected in this manner, many cancer cell lines
will efficiently form brain metastases even with-

1. Inject tumor
cells (1C)

2. Harvest brain

5. Re-inject cells (IC) i, i

(multiple rounds)

O

4. Expand tumor
cells in vitro

3. Isolate
tumor cells

variants by repeated cycles of cancer cell injection and
brain dissection (I.C.: Intracardiac)
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out prior in vivo selection for brain-seeking
capacity (see below and Fig. 7.1b). The major
advantage of intracarotid injections is that there
is usually a high incidence of brain metastases
without significant extracranial diseases. The
majority of brain metastases will be found in the
brain hemisphere closest to the injection site and
the contralateral hemisphere can serve as a con-
trol. However, intracarotid injections are difficult
and invasive. Mice must be deeply anesthetized
during the entire procedure, which involves mak-
ing an incision in the neck, blunt dissecting out
the carotid artery from surrounding muscles, and
then ligating the carotid artery after injection to
prevent bleeding [17].

An alternative and less invasive method to
introduce cancer cells into the arterial circula-
tion is to inject cancer cells into the left car-
diac ventricle. Under deep anesthesia, a needle
is inserted through the chest wall and into the
left ventricle of the heart. Although not neces-
sary, injections may be performed with aid of
ultrasound to increase success rate [18-20].
Cancer cells injected into the left cardiac ven-
tricle are carried by circulation and distributed
throughout the entire body. This route of injec-
tion is useful for determining the tropism of a
cell line to specific organs. However, for poorly
brain-tropic model systems, in addition to brain
metastases, there is often significant metastatic
tumor burden in visceral organs (e.g., lungs,
liver, gut) and bone.

To increase brain metastasis incidence and
burden, researchers have established variants of
cancer cell lines with increased capacity to form
brain metastases [11, 12, 21-32]. These cells
were derived by first injecting mice with cancer
cells via the carotid artery or left cardiac ventri-
cle and then recovering the cancer cells that have
colonized the brain. The recovered cells were
expanded in culture and re-injected into another
cohort of mice. This process of in vivo selection
was repeated multiple times (Fig. 7.1b). When
injected into circulation, these “brain-seeking”
variants produce multifocal lesions of micro- and
macro-metastases in the brain with varying his-

tology. There are often fewer extracranial metas-
tases due to increased tropism to the brain.

Similar methods have been used to develop
a limited number of models of leptomeningeal
metastases [25]. These models were devel-
oped by injecting cancer cells into the cisterna
magna and then recovering cancer cells from
the meninges of moribund mice. The recovered
cells were injected into another cohort of mice
and the process was repeated multiple times,
with a last round of injection into the left car-
diac ventricle. The resulting cancer cell variants
show increased propensity to develop leptomen-
ingeal metastases.

Both intracarotid and intracardiac injection
models can only be used to study the latter
part of the metastasis cascade. An ideal experi-
mental model of brain metastasis would be
one where cancer cells are injected orthotopi-
cally, such as in the mouse mammary fat pad
for breast cancer or subdermal for melanoma.
Unfortunately, few cancer cell lines metastasize
efficiently to the brain from the primary site.
Mice often succumb to extracranial morbidi-
ties before quantifiable lesions are present in
the brain. Therefore, brain metastasis incidence
and burden are usually low. These same limita-
tions apply to GEMMs.

One method that is frequently used to gener-
ate models with high brain tumor burden is by
direct injection of cancer cells into the brain.
These intracranial models do not faithfully
model brain metastasis because the cancer cells
do not have to extravasate through the blood-
brain barrier. However, they may be useful for
studying how cancer cells interact with the brain
parenchyma.

A hybrid orthotopic-intracranial model could
be a powerful tool to dissect the role of extracra-
nial tumors on intracranial metastatic tumor pro-
gression and response to therapy [33].

The past few decades have seen a dramatic
increase in the number of mouse models of
brain metastasis. Some of these models for
breast, lung, and melanoma are listed in Tables
7.1, 7.2, and 7.3, respectively. Most brain
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Table 7.1 Mouse models of breast cancer brain metastasis

Route of
injection

Cell line*

Description

Species

Mouse strain

References

Intracarotid

MDA-MB-231

Triple negative breast cancer
cell line derived from the
pleural effusion of a women
with metastatic breast cancer

Human

Athymic
nude

[84]

MDA-MB-
231-Br3

A subline of triple negative
MDA-MB-231 breast cancer
cells that was selected in vivo
(3 rounds intracarotid) for
brain metastatic capacity

Human

Athymic
nude

[21]

BT474.Br

A subline of HER2+ BT474.
ml breast cancer cells that was
selected in vivo (2-3 rounds,
intracarotid) for brain
metastatic capacity

Human

Athymic
nude

[85]

4T1

Breast cancer cells isolated
from a spontaneous tumor in
BALB/C mouse

Mouse

BALB/C

[86]

4T1-Par3

A subline of 4T1 breast cancer
cells that was selected in vivo
(3 rounds, intracarotid) for
capacity to form parenchyma
metastases

Mouse

BALB/C

[22]

4T1-Dura3

A subline of 4T1 breast cancer
cells that was selected in vivo
(3 rounds, intracarotid) for
capacity to form dural
metastases

Mouse

BALB/C

[22]

Intracardiac

COH-BBM1

HER2+ breast cancer cells
isolated from resected brain
metastases of a breast cancer
patient at the City of Hope

Human

NOD/SCID

[87]

CN34-BrM2

ER- breast cancer cells
isolated from the pleural
effusion of a patient at
MSKCC that were
subsequently selected in vivo
(2 rounds, intracardiac) for
brain metastatic capacity

Human

Beige nude

[23]

MDA-MB-231-
BrM2

A subline of triple negative
MDA-MB-231 breast cancer
cells that was selected in vivo
(2 rounds, intracardiac) for
brain metastatic capacity

Human

Athymic
nude

[23]

MDA-MB-
231-BR

A subline of triple negative
MDA-MB-231 breast cancer
cells that was selected in vivo
(at least 5 rounds, intracardiac)
for brain metastatic capacity

Human

Athymic
nude

[24]
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Table 7.1 (continued)

Route of
injection

Cell line*

Description

Species

Mouse strain

References

MDA-MB-231-
LeptoM

A subline of MDA-MB-231
triple negative breast cancer
cells that was selected in vivo
(first 3 rounds of injection into
cisterna magna, then 1 round
intracardiac) for capacity to
form leptomeningeal
metastases

Human

Athymic
nude

[25]

HCC1954-BrM

Subline of HER2+ HCC1954
breast cancer cells selected
in vivo for capacity to form
brain metastases

Human

Athymic
nude

[25]

HCC1954-
LeptoM

Subline of HER2+ HCC1954
breast cancer cells selected
in vivo (first 3 rounds of
injection into cisterna magna,
then 1 round intracardiac) for
capacity to form
leptomeningeal metastases

Human

Athymic
nude

[25]

231-Br-eGFP
HER2/vector

MDA-MB-231-BR cells
transduced with viral vector to
overexpress human HER2

Human

Athymic
nude

[35]

MCF7-
HER2-BR

A subline of MCF7-HER2
cells (originally from Dr.
Dennis Slamon) that was
selected in vivo (3 rounds,
intracardiac) for brain
metastatic capacity

Human

Athymic
nude

[26]

JIMT-1-BR

A subline of the HER2+
JIMT-1 breast cancer cells,
which were originally derived
from a patient that was
resistant to trastuzumab. These
cells were selected in vivo (3
rounds, intracardiac) for brain
metastatic capacity

Human

Athymic
nude

[27]

SUM190-BR

A subline of HER2+ SUM190
inflammatory breast cancer
cells that was selected in vivo
(3 rounds, intracardiac) for
brain metastatic capacity

Human

Athymic
nude

[12]

E22-1

A patient-derived xenograft
(PDX) model developed by
implanting a brain metastasis
from a patient with triple
negative breast cancer into
NSG mice. Cells from the
dissociated PDX tumor was
then injected into mice

Human

NSG

[73]

(continued)
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Table 7.1 (continued)

Route of
injection

Cell line*

Description

Species

Mouse strain

References

MDA-MB-231

Triple negative breast cancer
cell line derived from the
pleural effusion of a women
with metastatic breast cancer

Human

NSG

[72]

PyMT-BrM

A subline of TS1 cells that was
derived from the primary
tumor of a MMTV-PyMT
transgenic mouse. These cells
were selected in vivo for brain
metastatic capacity

Mouse

FVB

(28]

99LN-BrM

A subline of 99LN cells, which
were derived from a lymph
node metastasis in MMTV-
PyMT transgenic mouse. These
cells were selected in vivo for
brain metastatic capacity

Mouse

C57BL/6

[29]

ErbB2-BrM2

Cells isolated from a mammary
tumor in an ErbB2 transgenic
mouse was selected in vivo (2
rounds, intracardiac) for brain
metastatic capacity

Mouse

FVB

[11]

4T1-BR5

4T1 breast cancer cells selected
in vivo (5 rounds, intracardiac)
for capacity to form brain
metastases

Mouse

BALB/C

[30]

Orthotopic
(mammary
fat pad)

COH-BBM1

HER2+ breast cancer cells
isolated from resected brain
metastases of a breast cancer
patient at the City of Hope

Human

NOD/SCID

[87]

CN34-BrM2

ER- breast cancer cells isolated
from the pleural effusion of a
patient at MSKCC that were
subsequently selected in vivo
(2 rounds, intracardiac) for
brain metastatic capacity

Human

Beige nude

[23]

CN34-BrM2

ER- breast cancer cells isolated
from the pleural effusion of a
patient at MSKCC that were
subsequently selected in vivo
(2 rounds, intracardiac) for
brain metastatic capacity

Human

NSG

[72]

MDA-MB-231

Triple negative breast cancer
cell line derived from the
pleural effusion of a women
with metastatic breast cancer

Human

NSG

[72]

MDA-MB-
231-Br3

A subline of triple negative
MDA-MB-231 breast cancer
cells that was selected in vivo
(3 rounds intracarotid) for
brain metastatic capacity

Human

Athymic
nude

[86]
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Table 7.1 (continued)

Route of

injection Cell line*

Description

Species

Mouse strain

References

MDA-MB-453

Breast cancer cells isolated
from the pericardial effusion of
a breast cancer patient. These
cells are weakly HER2+

Human

Rog2-+Ilre- -

[88]

4T1-Br4

4T1 breast cancer cells selected
in vivo (4 rounds) for capacity
to spontaneously metastasize
from the primary mammary fat
pad tumor to brain

Mouse

BALB/C

[31]

4T1-BRS5

4T1 breast cancer cells selected
in vivo (5 rounds, intracardiac)
for capacity to form brain
metastases

Mouse

BALB/C

[89]

Intracranial COH-BBMI1

HER2+ breast cancer cells
isolated from resected brain
metastases of a breast cancer
patient at the City of Hope

Human

NOD/SCID

[87]

COH-BBM2

HER2+ breast cancer cells
isolated from resected brain
metastases of a breast cancer
patient at the City of Hope

Human

NOD/SCID

[87]

4T1

Breast cancer cells isolated
from a spontaneous tumor in
BALB/C mouse

Mouse

BALB/C

[90]

2Cells may be transduced with a viral vector to express a gene of interest, a reporter protein (e.g., GFP, luciferase) or

shRNA

Table 7.2 Mouse models of lung cancer brain metastasis

Route of injection | Cell line®

Description

Species

Mouse strain

References

Intracarotid NCI-H250

Small cell lung cancer
cell line isolated from
brain metastasis of lung
cancer patient

Human

Athymic nude

[91]

PC14-PE6

Cells isolated from
pleural effusions of
nude mice injected
with PC-14 non-small
lung cancer cells

Human

Athymic nude

[92]

PC14Br (also
Br4)

Subline of PC-14
non-small cell lung
cancer cells isolated
from brain metastases
in immunodeficient
mice

Human

Athymic nude

[92, 93]

PC14

Non-small cell lung
cancer cell line derived
from a lymph node
metastasis of a lung
cancer patient

Human

Athymic nude

[84]

(continued)
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Table 7.2 (continued)

Route of injection

Cell line*

Description

Species

Mouse strain

References

Intracardiac

H2030-BrM3

Subline of H2030
non-small lung cancer
cells selected in vivo (3
rounds, intracardiac)
for capacity to form
brain metastases

Human

NOD/SCID or
Athymic nude

(32]

PC9-BrM3

Subline of PC9
non-small cell lung
cancer cells that were
selected in vivo (3
rounds, intracardiac)
for capacity to form
brain metastases

Human

NOD/SCID or
athymic nude

(32]

PC9-LeptoM

Subline of PC9
non-small cell lung
cancer cells that were
selected in vivo for
capacity to form
leptomeningeal
metastases

Human

Athymic nude

[25]

PC14-PE6
pGF1 Br2

PC14-PE6 lung cancer
cells selected in vivo (2
rounds, intracardiac)
for capacity to form
brain metastases

Human

NOD/SCID

[94]

Kras/
pS3-393N1
(other less
brain
metastatic
lines: -482N1,
2691N1)

Cell lines derived from
lymph node metastases
of GEMM that have
lung adenocarcinomas
with KRAS G12D
mutation and loss of
pS3

Mouse

B6129SF1/]

[11,95]

LLC-BrtM

Lewis lung cancer
(LLC) cells selected
in vivo (intracardiac)
for capacity to form
brain metastases

Mouse

C57BL/6

[25, 95]

LLC-LeptoM

Lewis lung cancer
(LLC) cells selected
in vivo for capacity to
form leptomeningeal
metastases

Mouse

C57BL/6

[25]

Orthotopic
(lung)

A549

Non-small cell lung
cancer cell line derived
from the lung
adenocarcinoma of a
58-year-old patient

Human

Athymic nude

[96]

Intracranial

PC9

Non-small cell lung
cancer cell line derived
from a lymph node
metastasis of a lung
cancer patient

Human

Athymic nude

[97]

Cells may be transduced with a viral vector to express a gene of interest, a reporter protein (e.g., GFP, luciferase) or

shRNA
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Table 7.3 Mouse models of melanoma brain metastasis

Route of injection

Cell line*

Description

Species

Mouse strain

References

Intracarotid

A375-Br

A subline of A375
melanoma cells that
was selected in vivo (~3
rounds intracarotid) for
brain metastatic
capacity

Human

Athymic nude

(98]

B16-BL6

Highly metastatic
subline of B16
melanoma cells

Mouse

C57BL/6

[36, 59]

K-1735 C4

Clone 4 of K-1735 cells
derived from melanoma
in C3H/HeN mouse
induced by UV light
and croton oil

Mouse

C3H/HeN

[36, 59]

Intracardiac

H1_DL2

GFP/luciferase-
expressing subline of
HI cells originally
isolated from a brain
metastasis of a
melanoma patient

Human

NOD/SCID

[44, 99, 100]

B16-F10

Metastatic subline of
B16 melanoma cells

Mouse

C57BL/6

[20]

131/5B1

Cell line derived from
brain metastases of
mice injected with a
lung metastatic variant
of human WM239A
cells

Human

Athymic nude

[20]

Orthotopic
(subdermal)

131/4-5B1

Cell line derived from
brain metastases of
mice injected with a
lung metastatic variant
of human WM239A
cells

Human

SCID

[101]

131/4-5B2

Cell line derived from
brain metastases of
mice injected with a
lung metastatic variant
of human WM239A
cells

Human

SCID

[101]

RMS

Cells isolated from a
spontaneous tumor in a
Ret transgenic mouse

Mouse

C57BL/6

[57]

Intracranial

B16/Fluc/OVA

Subline of B16
melanoma cells
expressing luciferase or
ovalbumin (OVA)

Mouse

C57BL/6

[33]

RMS

Cells isolated from a
spontaneous tumor in a
Ret transgenic mouse

Mouse

C57BL/6

(33]

Cells may be transduced with a viral vector to express a gene of interest, a reporter protein (e.g., GFP, luciferase) or

shRNA
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metastasis models are xenografts of human
cancer cells in immunodeficient mice such as
the athymic nude, NOD/SCID, or NOD-SCID-
gamma (NSG). The latter is widely used for
patient-derived xenografts (PDX), in which
tumor pieces of a patient are directly engrafted
into mice [34]. Among xenograft models, most
are triple-negative and HER2+ breast cancer,
which are the two subtypes with the highest risk
of brain metastases in breast cancer patients.
Contrasting the breadth of brain metastasis mod-
els for breast cancer, there are few models for
lung cancer and melanoma. Consistent across
all cancer types is the lack of good immuno-
competent models in which mouse cancer cells
are injected into syngeneic mice. For example,
nearly all breast cancer brain metastasis studies
in immunocompetent mice use the parental or
in vivo selected sublines of 4T1 mouse breast
cancer cells in BALB/c mice.

The different models are very heteroge-
neous in their disease presentation. The dura-
tion from inoculation to morbidity can vary
widely between models, ranging from weeks
(e.g., 4T1-BR) to months (e.g., SUM190-BR).
Further, the histology is very different. MDA-
MB-231-BR (231-BR) [35] produce multiple
metastatic clusters of micro- and macro-metas-
tases at brain anatomical sites comparable to
that found in human [5], SUM190-BR [12]
produce multiple oval-shaped metastases, and
MCF-7-HER2-BR [26] mainly produce a sin-
gle massive lesion, which can form either lep-
tomeningeal or intraparenchymal metastases.
When injected into the carotid artery, B16-BL6
mouse melanoma cells almost exclusively
form leptomeningeal metastases, whereas
K-1735-C4 melanoma cells mainly form paren-
chyma metastases [36]. Each model should be
viewed as one patient, and as such, multiple
models should be used to validate an observa-
tion. Ultimately, the choice of model must be
driven by the research question.

7.2.2 Procedures and Technologies
for Quantitative Analyses
of Metastatic Processes
in Animal Models

Following the choice of the animal models comes
the development of accurate and reproducible
methods of evaluation and quantitation. Whether
we want to investigate the different stages of the
metastatic cascade, understand the interaction
with the microenvironment, identify oncogenic
drivers, or evaluate drug efficacy, preclinical
evaluation requires a combination of histopatho-
logical procedures, advanced imaging technolo-
gies, and molecular biological approaches.

To analyze the metastatic burden at a specific
time point, the gold standard procedure is to dis-
sect the brain, perform step sections throughout
the brain (Fig. 7.2a), and stain with hematoxylin
and eosin (H&E). The metastatic lesions appear
as cell clusters with large nuclei and darker cyto-
plasm (Fig. 7.2b 231-BR, 7.2¢c, SUM190-BR).
In addition, imaging technologies provide an
easy and fast evaluation of the metastatic burden.
By transfecting the cancer cells with luciferase,
the size of the metastases can be inferred by
quantifying the bioluminescent (BLI) intensity
(Fig. 7.2d). Expression of green fluorescent pro-
tein allows an estimation of metastatic involve-
ment ex vivo, i.e., after dissection of the brain
(Fig. 7.2e).

Multiple biological phenomena can be exam-
ined using fluorescent markers and immunos-
taining of brain tissues. The cancer cells can be
manipulated to express a fluorescent protein, as
described above; however expression of exog-
enous genes remains an issue in immunocom-
petent models. The blood vasculature can be
visualized by injecting high molecular weight
dye into the circulation, just before euthanasia.
The integrity of the BTB is evaluated by inject-
ing lower molecular weight fluorescent dyes,
followed by the perfusion of the animal to wash
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Fig. 7.2 Quantitative analyses of brain metastases in
mouse models. (a) Schema of step section of the brain. (b)
Hematoxylin and eosin staining of a brain slice from a
mouse developing 231-BR metastatic lesions (black arrow
indicates a large lesion among a metastatic cluster). (c)
Hematoxylin and eosin staining of a brain slice from a
mouse developing SUM190-BR metastatic lesions (black
arrows). (d) Bioluminescence imaging of mice injected
with tumor cells expressing luciferase. (e) Ex vivo imag-
ing of mouse brains with metastatic lesions visualized in
green. Left panel: brain colonized by the 231-BR-vector.
Right panel: brain colonized by the Her2 overexpressing
variant of the 231-BR. (f) Blood-Tumor Barrier (BTB)

Ki67 CD11bCD45 DAPI

Ki67 GFAP DAPI

disruption evaluated with Texas Red dextran (TRD) diffu-
sion. Mice with 231-BR brain metastases were injected
with TRD (red) 10 minutes before euthanasia. The mice
were perfused to remove the dye from the vasculature.
Examples of metastatic lesions with highly (upper panel)
and poorly (lower panel) permeable BTB. (g-i)
Immunofluorescence staining of mouse brain tissue sec-
tions with metastatic lesions (clusteres of blue nuclei
stained with DAPI). Proliferating cancer cells are stained
with Ki67 (green). Metastatic cancer cells grew around
(g) CD31+ blood vessels (red) and are associated with (h)
CD45+/CD11b+ reactive microglia (red) and (i) GFAP+
reactive astrocytes (red)
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out the vasculature. The permeability of the BTB
is measured by quantifying the amount of dye
exudation in the brain parenchyma. Figure 7.2f
shows two different metastatic lesions, visual-
ized by green fluorescent protein: extensive dif-
fusion of Texas Red dextran (TRD) (3 kDa) is
observed in the top panel and limited TRD dif-
fusion in the bottom panel. Immunostaining of
brain slices provides a snapshot of the metastatic
process, allowing molecular characterization of
the cancer cells and the microenvironment. In
the three panels of Fig. 7.2g—i, the cancer cells
appear as clusters of blue nuclei (DAPI stain-
ing); about 50% of the cancer cells proliferate,
per Ki67 staining, in green. Different compo-
nents of the microenvironment are highlighted
in red: in Fig. 7.2g the cancer cells grow along
the blood vasculature (CD31), and in Fig. 7.2h,
i, activated microglia (CD11b/CD45) and acti-
vated astrocytes (GFAP), respectively, congre-
gate around the metastatic clusters [5, 37]. For
unbiased investigations, brain tissues can be ana-
lyzed through omics approaches, such as micro-
arrays, RNA sequencing, single cell sequencing,
or proteomics, providing exploratory endpoints
through the analysis of large volumes of data.

In addition to in vivo imaging modalities, such
as BLI as described above, intravital microscopy,
magnetic resonance imaging (MRI), or nuclear
imaging technologies such as positron emission
tomography (PET) and single-photon emission
computed tomography (SPECT) [38], offer the
unique feature to perform longitudinal observa-
tions by collecting data over time in live animals.
Intravital microscopy uses multiphoton laser-
scanning microscopy through a cranial window
implant, allowing visualization of cancer cell
extravasation and outgrowth in the brain [39].
Similar to ex vivo investigations, the metastatic
cells are visualized through the expression of
a fluorophore and fluorescent markers can be
injected in the live animal to highlight the vas-
culature. This technology can investigate differ-
ent phenomena over time: (1) dormancy [40],
i.e., the metastatic cells persist as a single cell
or small micro-metastases but do not proliferate,
(2) blood-tumor barrier (BTB) permeability [41,
42], and (3) drug efficacy by measuring tumor

growth and regression [41]. For magnetic reso-
nance imaging (MRI) technique, a contrast agent
is required. To visualize metastases growth and/
or dormancy, cancer cells are labeled with super-
paramagnetic iron oxide nanoparticles (SPION)
or micron-sized iron oxide particles (MPIO)
[43—45]. The vasculature permeability can be
assessed by gadolinium diffusion [46].

Finally, to measure functional mechanisms of
a gene candidate, the gene or molecular pathway
of interest needs to be targeted, either using com-
pounds to activate or prevent the gene function or
using molecular biology to overexpress or down-
regulate the gene (e.g., RNA interference, knock-
out, or knock-in). Genetically engineered mouse
models (GEMM) allow investigation of genes
in the microenvironment, while manipulations
of cancer cell lines provide a tool to elucidate
tumor-specific mechanisms. Genetic manipula-
tions are becoming more and more sophisticated
with spatial (using a promoter expressed only
on specific cells) and temporal (i.e., using a pro-
moter regulated by a drug) control. The field is
constantly evolving to create more sophisticated
tools for better mechanistic evaluation of biologi-
cal phenomena.

7.2.3 Non-rodent In Vivo Models

While several rodent models have been estab-
lished as described previously, additional in vivo
models can bring important insights into the
metastatic processes. The zebrafish (Danio rerio)
is a powerful model to study this biological
phenomenon, as it is easily scalable, simpler to
generate transgenics, ideal for in vivo imaging,
and suitable for high-throughput drug screening.
Zebrafish proves to be an ideal model system to
study metastasis, owing to the transparency of
embryos as well as adult animals (casper strain)
[47], allowing tracing of even a single cancer
cell through various stages of metastasis. Cancer
cells face an extra hurdle of crossing the blood-
brain barrier (BBB) while metastasizing to the
brain. Transmission electron microscopy analy-
sis and functional studies using fluorescent mark-
ers revealed that maturation of BBB in zebrafish
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occurs between 3 and 10 days post-fertilization
[48]. Accumulating evidences reveal histologi-
cal, ultrastructural, and functional similarities
between the mammalian and zebrafish BBB [49].

Of interest, a spontaneous model of melanoma
brain metastasis has been developed. Melanocyte-
specific expression of mutant BRAFVSE under
the control of the mitfa promoter in p53 mutant
background led to 100% incidence of melanoma
in zebrafish [50]. Using these animals, Heilmann
et al. [51] generated fluorescently tagged zebraf-
ish cell line (ZMEL1) that can be transplanted
in transparent adult fish, and each step of the
metastasis can be studied at single-cell resolu-
tion. They observed formation of metastases in
various organs including the head. Stoletov et al.
[52] showed that when 4T1 breast cancer cells
were injected, Cx43 expression was necessary
for extravasation and metastasis formation in the
zebrafish brain.

Stoletov et al. [52] also used a chicken embryo
model to study breast cancer and melanoma cell
metastasis to the brain. They reported forma-
tion of multiple metastatic microtumors in the
brain. In another study, human melanoma cells,
transplanted in developing hindbrain of chicken
embryos formed loose tumors within 4 days [53].

Overall, although non-rodent models for
studying human cancer and metastasis pose a few
major challenges such as they grow at a subopti-
mal temperature of 28 °C (in case of zebrafish)
and exhibit significant anatomical/physiological
differences compared to human, they come with
advantages such as low cost, easy maintenance,
simpler process of creating transgenics, and pos-
sibility of noninvasive high-resolution imaging.

7.3  Optimizing Experimental
Designs Based

on the Scientific Questions

Some general considerations apply to any
experimental designs. Metastatic models are
notoriously heterogeneous. Accounting for this
variability, power analyses, need to be performed
to define the minimum number of animals
required to achieve statistical power. To avoid

unconscious bias altering the evaluation process,
the researcher performing the quantitative analy-
sis needs to be blinded to the treatment groups.
Ultimately, for any scientific question, the animal
model needs to model the clinical manifestation.

7.3.1 Investigating the Metastatic

Processes

Cancer cells from primary tumors disseminate
and subsequently seed a new tumor in a distant
tissue through a multi-step metastatic process.
Initially, the tumor cells need to lose their cell-
cell adhesion, acquire motility and ability to
degrade the matrix to get into the circulation.
In blood, the tumor cells that can evade shear
stress, anoikis (programmed cell death induced
by lack of cel/lECM attachment) and host’s
immune response, survive and home-in at sec-
ondary sites. Here, cells extravasate and, based
on microenvironmental cues, either remain dor-
mant or proliferate and colonize, to give rise
to metastases. In case of brain metastasis, the
cancer cells need to overcome an additional
hurdle, where cells need to cross the BBB that
protects the brain. Current preclinical models
enable us to address various stages of metastasis
independently.

The routinely used hematogenous models, in
which cancer cells are directly injected into the
circulation, do not allow studying initial stages
of metastasis, such as primary tumor inva-
sion and intravasation into the circulation. The
genetically engineered mouse models (GEMM)
and orthotopic models can be useful for study-
ing earlier metastatic events. GEMMs show de
novo tumor and metastasis formation, usually
in an immune-competent animal, thus enabling
us to model the whole process of metastasis.
Unfortunately, most GEMMs exhibit low inci-
dence of metastatic spread [54], and there are
a very few GEMM models that metastasize to
brain [14, 15]. In orthotopic models, the can-
cer cell lines or patient-derived tissue/cells are
implanted into the same organ, such as mam-
mary fat pad in the case of breast cancer [31,
55], lungs in the case of lung cancer [56], and
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subcutaneous tissue in the case of melanoma
[57, 58]; however, again, the incidence of brain
metastasis is abysmal.

For investigating the late steps of brain
metastasis, such as extravasation of tumor cells
across the blood-brain barrier and coloniza-
tion in brain parenchyma, numerous preclini-
cal models are available. Various breast cancer
[24, 27, 35], lung cancer [32], and melanoma
[36, 59] mouse models have been reported,
where tumor cells are injected directly into the
blood (generally via intracardiac or intracarotid
injection), which form brain metastases. These
hematogenous models have been used exten-
sively to study extravasation at blood-brain
barrier [23, 60], tumor cell interactions with
the microenvironment during colonization [28,
61], blood-tumor barrier modification [12, 13],
and drug efficacy on established metastases [26,
62]. For assessing final events in brain metasta-
sis, intracranial models, where cancer cell lines
or patient-derived tissue/cells are implanted
directly into the brain, have been utilized [63].
The intracranial models using tissue biopsies
provide tumor characteristics closer to the
patient as the tissue microenvironment remains
partially intact. However, they recapitulate only
the last sept of metastatic cascade. Finally, the
premetastatic niche is a favorable environment
at a secondary site, established by the primary
tumor where it will subsequently metastasize
[64]. Orthotopic [65] and hematogenous models
[66] have been used to understand the establish-
ment of premetastatic niches in the brain. It may
be possible to provide a premetastatic niche by
forming an orthotopic primary tumor in advance
of hematogenous injection of tumor cells.

7.3.2 Characterizing Imnmune
Response

There has been a renewed interest in studying
the role of immunity in brain metastasis. This is
partly due to the impressive response observed in

some melanoma patients treated with checkpoint
immunotherapy [67-69] and due to a growing
body of data demonstrating that T cells are pres-
ent in most brain metastases [6—8]. The choice
of which mouse model to use depends on the
specific immune subset one would like to study.
Most brain metastasis models are xenografts of
human cancer cells in immunocompromised
mice. However, even immunocompromised mice
have different severities of immunodeficiency.
Nude mice lack functional T cells but the innate
immunity is largely intact [70]. Therefore, they
may be used to study innate immune cells such
as microglia, macrophages, and natural killer
(NK) cells. NSG mice not only lack immune
cells of adaptive immunity (T- and B-cells), but
they also have a defective innate immunity, most
notably an absence of functional NK cells [71].
This may be one reason why tumor models that
are poorly metastatic in nude mice can metasta-
size efficiently to the brain when injected into
NSG mice [72]. The NSG mice may be particu-
larly useful for modeling the entire metastasis
cascade since cancer cells will spontaneously
metastasize to the brain even from the primary
site [72]. They are also useful for patient-derived
xenografts [73], but because they are severely
immunocompromised, there is very little contri-
bution of the immune response to tumor progres-
sion. If the goal is to study the adaptive immune
response such as to test novel combinations of
immunotherapies, then immunocompetent mice
must be used. Currently, syngeneic models are
the only option since brain metastasis incidence
and burden are too low in GEMMs. There are
few syngeneic models but there is hope that
more immunocompetent models will be devel-
oped. For example, there are now “humanized”
mouse models in which immunodeficient mice
are engrafted with human hematopoietic stem
cells or peripheral blood mononuclear cells to
develop a functional human immune system [71,
74-76]. These mice are prohibitively expensive,
and, although untested, they may be useful for
brain metastasis studies.
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7.3.3 Preforming Experimental
Therapeutics

Mouse models have been intensively utilized to
evaluate drug efficacy [77]. In addition, radiation
therapy is another treatment modality investi-
gated in mouse models [78, 79]. Important con-
siderations are needed to perform experimental
therapeutics in models that are accurate, repro-
ducible, quantifiable, and translatable to the clini-
cal scenario. Experimental models, in which the
cancer cells are injected into the heart or carotid
artery, are often the models of choice as they
allow brain metastasis development in 100% of
the animals injected and provide sufficient tumor
burden allowing quantification. Conventionally
measurable endpoints are metastasis burden and
survival. However, survival may result from brain
metastasis involvement as well as from additional
systemic metastases. Cognitive deficiency and
systemic toxicity are also important endpoints
that should be evaluated. Injection timing defines
the clinical setting. In a prevention setting, the
compounds are injected before the formation of
micro-metastases, targeting single cells to pre-
vent outgrowth, while a treatment setting aims at
reducing established metastases [2]. The activ-
ity of a compound relies on its absorption, dis-
tribution, metabolism, and excretion (ADME).
The physiology of the mice being different from
the human’s, especially in terms of metabolic
enzymes processing the compounds, the phar-
macokinetics need to be evaluated in mice and
compared to clinical data. The drug concentra-
tions need to be achievable in human. Drug for-
mulation, modality of injection, and treatment
schedule need to consider not only the pharma-
codynamic properties of the compounds but also
the clinical feasibility. For example, in the context
of chronic daily treatment, oral gavage should
be favored over intravenous injection. Through
their renewal potential and stability in expressing
human tissue features, patient-derived xenograft
(PDX) models represent the ultimate efforts to
mirror the clinical phenomena of general cancer

and metastasis progression [34, 80]. Remarkably,
PDX models were shown to recapitulate drug
sensitivity/resistance patterns observed in the
clinic, in the corresponding patient, highlight-
ing the predictive value of the model. While the
development of PDX models for brain metastases
is still in its infancy [73, 81, 82], it is hoped that
progress in the field will lead to brain metastasis
PDX able to predict patient treatment response.

7.4  Conclusion

Animal models are invaluable tools to decipher
complex physiological mechanisms. Preclinical
models and imaging technologies are con-
tinuously evolving, such as improving patient
samples engraftment in mice or humanizing
the immune system of the mice [71, 74-76].
However, no single model can recapitulate per-
fectly the human disease. Success in understand-
ing the clinical metastatic process lies in the
multiplicity of models and approaches, using
different metastatic lines and xenografts in dif-
ferent genetic backgrounds of the host. In vitro
and ex vivo (e.g., brain tissue slices [83]) models
can complement animal studies to refine specific
mechanisms or perform high-throughput screen-
ings. To ensure the predictive value of the ani-
mal models, validation with clinical specimens
or correlation with epidemiological data should
be regularly performed. Progress will be gener-
ated by collaborative efforts integrating different
expertise and academic disciplines, orchestrat-
ing a bi-directional communication between the
bench and the clinic.
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8.1 Introduction
Brain metastases can result in a large variety
of focal and nonfocal neurological symptoms.
The clinical presentation of brain metastases is
affected by the location, size and growth rate
of the tumour. Any new neurological symptom
or change in behaviour or cognition in a patient
with cancer warrants further investigations for
brain metastases. Focal neurological symptoms,
like hemiparesis and dysphasia, can be caused
by a direct effect of the brain metastasis or the
surrounding oedema on the brain tissue or other
neural structures. Most of these neurological
symptoms occur within days to weeks, although
an intratumoural haemorrhage can result in an
acute onset of symptoms. Epileptic seizures occur
in 10-20% of patients with brain metastases.
Nonfocal symptoms, like headache, nausea
and disturbance of consciousness, can arise from
increased intracranial pressure. When the tumour
obstructs the flow of the cerebrospinal fluid
(CSF), a hydrocephalus can develop, resulting
in headache, nausea, sleepiness and an unsteady
gate. The mass effect of brain metastases can
lead to cerebral herniation. This may result in
reduced consciousness and ultimately to death
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due to brainstem compression, unless high doses
of Dexamethasone for surrounding oedema are
given.

8.2  Focal Neurological Deficits

The presentation of patients with brain metasta-
ses varies widely, and symptoms can be either
focal or nonfocal. There is a large variety in
symptoms based on the location of the brain
metastases. Most patients present with neurologi-
cal symptoms with a subacute onset within days
to weeks due to an increasing mass effect of the
tumour on the brain and the surrounding oedema.
An intratumoural haemorrhage can result in a
sudden onset of headache, nausea, focal neuro-
logical symptoms and sometimes decreased con-
sciousness. Melanoma, choriocarcinoma, thyroid
and renal carcinoma brain metastases have a
relatively high bleeding risk [1]. Furthermore,
patients with brain metastases have a slightly
increased risk of stroke due to vascular compro-
mise by the tumour, venous sinus thrombosis and
the hypercoagulable state of patients with a meta-
static tumour.

Supratentorial brain metastases can result
in motor, sensory, language or visual impair-
ments depending on the size and location of the
tumour. Hemiparesis results from a tumour in
the motor cortex, internal capsule, corona radi-
ata or brainstem. Tumours in the sensory cortex
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Table 8.1 Presenting clinical features in 1013 patients
with brain metastases

Percentage of brain
metastases patients with

Symptoms and signs symptoms or signs

Cognitive or mental 34
status change

Headache 31
Weakness/paresis 24
Seizure 19
Ataxia 11
Visual symptoms 5
Nausea or vomiting 4
Other (e.g. bulbar 4

symptoms, dizziness and

syncope)

Sensory symptoms 2
Papilloedema 0.5
None 9

Adapted from Lassman, De Angelis. Brain metastases.
Neurol Clin 2003 [2]

and thalamus usually give rise to sensory dis-
turbances. Tumours in the dominant frontal and
temporal lobe can cause aphasia. Compression
of the midbrain by a metastasis can result in the
Parinaud syndrome with an impaired upward
gaze, light-near dissociation, convergence nys-
tagmus and eyelid retraction. Common focal
and nonfocal presenting neurological symptoms
are shown in Table 8.1 [2]. Unfortunately, nei-
ther absence of focal symptoms nor a normal
neurological examination does rule out brain
metastases.

8.3  Nonfocal Symptoms

8.3.1 Symptoms of Increased
Intracranial Pressure

Brain metastases can give rise to an increased
intracranial pressure in various ways. Often mass
effect on the brain is caused by the tumour itself
and its surrounding vasogenic oedema. In addi-
tion, obstruction of the CSF flow, for example,
due to mass effect of the brain metastasis on the
third or fourth ventricle, can lead to hydrocepha-
lus. Brain metastases can cause cerebral hernia-
tion, which is the shift of cerebral tissue from

its normal location into an adjacent intracranial
space as a result of mass effect. This displace-
ment may result in reduced consciousness by
direct or indirect pressure of the brainstem.

Patients with an increased intracranial pres-
sure usually have symptoms of headache, vom-
iting, decreased vision due to papillary oedema
and sometimes reduced consciousness due to
compression on the brainstem or both hemi-
spheres. When the intracranial pressure is very
high, patients can experience ‘plateau waves’,
a sudden rise in intracranial pressure that leads
to headache or an altered consciousness for
5-20 min.

8.3.1.1 Headaches

Headaches in patients with systemic cancer
can be caused by the antitumour treatment (e.g.
hormone therapy), psychological factors, a pre-
existing headache syndrome (tension type head-
ache or migraine) or can be due to cerebral or
leptomeningeal metastases. Approximately 30%
of patients with cerebral metastases present with
headache. Tumours located in the posterior fossa
and in the midline are more often associated with
headache, probably partly due to the disturbance
of the CSF flow. Other factors that are associated
with tumour-related headache are the size of the
tumour and the extent of cerebral oedema [1].

Classically, headaches associated with brain
metastases are described as occurring at night or
early in the morning, and pain tends to increase
after Valsalva manoeuvres, such as sneezing or
coughing. Headache can be positional with an
increase in headache while bending over or stand-
ing up. Unfortunately, the majority of patients
with brain metastases does not present with these
classical headache symptoms, and often it is not
possible to differentiate between tension-type
headache, migraine or brain metastases based
on the clinical characteristics of the headache in
patients with systemic cancer.

In patients with brain metastases, headaches
are often accompanied by other symptoms, in
particular nausea and vomiting. In a prospective
study of 68 patients with systemic cancer with-
out known brain metastases, evaluation for head-
ache showed brain metastases in 32% of patients.
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Headache duration <10 weeks, emesis and pain
not compatible with the tension-type all signifi-
cantly predicted the presence of brain metasta-
ses [3]. In a more recent prospective study, 54
patients with systemic cancer with new headache
or a change in pattern of an existing headache
were evaluated; 54% were found to have brain
metastases. Clinical predictors of brain metas-
tases were emesis, gait instability and extensor
plantar response at neurological examination [4].

8.3.1.2 Vomiting

Vomiting is most frequent in tumours of the pos-
terior fossa, especially when there is extension
in or compression of the fourth ventricle. Some
patients may experience unexpected vomiting
without preceding nausea, ‘projectile vomiting’.
In case of increased intracranial pressure due to
brain metastases, vomiting often occurs in the
morning.

8.3.1.3 Visual Symptoms

Patient can present with different visual symp-
toms due to the increased intracranial pres-
sure. Papillary oedema can lead to complaints
of reduced vision in one or both eyes. In case
of high intracranial pressure from brain metas-
tases, diplopia can result from compression on
the third, fourth or sixth cranial nerve. Due to
its length, the sixth cranial nerve is most often
affected.

8.3.1.4 Reduced Consciousness

Reduced consciousness in brain tumour patients
is mostly caused by obstructive hydrocephalus
and cerebral herniation.

An obstructive or noncommunicating hydro-
cephalus in patients with brain metastases is
caused by obstruction of the CSF flow in the
ventricles from the mass effect of the tumour
and surrounding oedema. Common places for
obstruction of CSF flow in patients with brain
metastases are obstruction of the fourth ventri-
cle from mass effect in the posterior fossa and
obstruction of the Sylvian aqueduct from supra-
tentorial mass effect. The presentation of patients
will depend on the speed of onset of the obstruc-
tion of the CSF. In an acute obstruction resulting

from an intratumoural haemorrhage or rapidly
growing metastasis, patients may present with
subacute headache, nausea, blurred vision from
papillary oedema and reduced consciousness. In
a gradually progressive hydrocephalus, symp-
toms may be mild, including mild cognitive com-
plaints and ataxia, while imaging shows a clear
dilatation of the ventricles.

A communicating hydrocephalus is caused
by obstruction of CSF flow through the sub-
arachnoid spaces or impaired absorption at
the arachnoid granules. In patients with brain
metastases, a communicating hydrocephalus is
mainly seen in patients with altered CSF com-
position by malignant cells or/and high protein
content. This is mostly caused by concomitant
leptomeningeal metastases or an intraventricu-
lar haemorrhage from brain metastases adjoin-
ing the ependyma. Figure 8.1 shows examples
of (non) communicating hydrocephalus in
patients with metastases of the central nervous
system.

Cerebral herniation is the shift or herniation
of brain tissue from one dural compartment in
an adjacent compartment due to an increased
pressure from a space-occupying mass
(Fig. 8.2). Four well-known forms of hernia-
tion are subfalcine, transtentorial, central and
tonsillar herniation. In subfalcine herniation,
the cingulate gyrus is pushed under the falx.
This is a common form of herniation that usu-
ally does not directly give rise to neurological
symptoms. Seldom a frontal lobe infarction is
seen due to the occlusion of the anterior cere-
bral artery that runs in close proximity to the
falx. Transtentorial, or uncal herniation, leads
to the displacement of the uncus, the mesial
temporal lobe, over the tentorial edge. Patients
with transtentorial herniation may present
with a fixed and dilated ipsilateral pupil due
to ipsilateral oculomotor nerve compression.
Herniation of the uncus into the posterior
fossa and the midbrain can result in impaired
consciousness and contralateral hemipare-
sis by compression on the corticospinal tract.
Compression on the posterior cerebral artery
from transtentorial herniation can cause a cere-
bral infarction in the occipital lobe. In central
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Fig. 8.1 Examples of
(non)communicating
hydrocephalus in patients
with central nervous
system metastases:
noncommunicating
hydrocephalus due to
compression of the fourth
ventricle caused by
cerebellar metastases (a),
noncommunicating
hydrocephalus due to
compression of the fourth
ventricle caused by a brain
metastasis in the
mesencephalon (b) and
communicating
hydrocephalus in patient
with both brain metastases
(not shown on MRI) and
cytology proven
leptomeningeal metastases

(©

transtentorial herniation, the entire midbrain
is herniated downwards due to generalized
cerebral mass effect. Cerebellar-foramen mag-
num herniation, or tonsillar herniation, is the
downwards displacement of the cerebellar
hemispheres through the foramen magnum
leading to compression on the caudal medulla.
Clinical manifestations can be episodic tonic
extension and arching of the neck, respiratory
disturbances, cardiac irregularity and impaired
consciousness and ultimately death.

8.3.2 Cognitive Symptoms

Cognitive symptoms and mental status change
are common presenting symptoms in patients
with brain metastases and are mainly depending
on the location and size of the brain metastases

[5]. The volume of brain metastases is stronger
correlated with cognitive dysfunction than the
number of brain metastases [6].

Cognitive dysfunction, including memory
problems and mood or personality changes, is
found in 65-90% of patients with brain metasta-
ses [7-9]. Most often multiple cognitive domains
are affected, particularly in larger tumours affect-
ing multiple brain regions.

Cognitive symptoms in patients with brain
metastases are generally in line with the tradi-
tional understanding of functional neuroanatomy
of the brain. Tumours in the frontal lobe may
cause executive function disorders, resulting in
difficulties in planning, inappropriate behaviour
and affect. Patients with tumours in the domi-
nant posterior frontal lobe can have an expressive
aphasia due to involvement of the Broca area.
Tumours in the dominant temporal lobe can result
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Fig. 8.2 Different forms
of herniation caused by a
brain tumour and
surrounding oedema:
subfalcine herniation of the
cingulate gyrus under the
falx (a), central herniation
(tumour not visible on
MRI shown, only cerebral
oedema) (b), transtentorial
herniation of the uncus of
the temporal lobe over the
tentorial edge, central
herniation (tumour not
visible on MRI shown,
only cerebral oedema (c)
and tonsillar herniation of
cerebellar hemispheres
through the foramen
magnum (d)

in different language problems, including word-
finding difficulties and understanding of speech
and written text. Temporal lobe tumours in the
non-dominant hemisphere can lead to problems
in intonation and perceiving and expressing emo-
tion in speech. Apraxia, dyscalculia and dyslexia
can occur in patients with tumours in the pari-
etal lobe. These patients can also have spatial
orientation problems. Patients with tumours in
the occipital lobe, especially in the non-primary
visual cortex, may show difficulties in visual
perception and memory of objects. Cerebellar
tumours might also cause the so-called cerebellar
cognitive affective syndrome, with disturbances
in executive functioning, language deficits and
personality changes.

8.4 Epilepsy

An epileptic seizure is among the most common
presenting symptoms of brain metastases and has
a significant impact on quality of life. Around
10-20% of patients with brain metastases pres-
ent with an epileptic seizure [10-13]. Up to 35%
of patients with brain metastases experience at
least one epileptic seizure during the course of
their disease [14]. The incidence of epilepsy in
patients with brain metastases is lower than in
patients with a primary brain tumour, probably
due to the less-infiltrative growth of brain metas-
tases and the inability to influence neuronal excit-
ability biochemically [15]. Patients with brain
metastases and an epileptic seizure have a high
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risk of recurrence. Therefore, start of anti-epilep-
tic drugs is advocated after a first epileptic sei-
zure [15, 16]. Prophylactic use of anti-epileptic
drugs in patients with brain metastases who never
had an epileptic seizure is not recommended.

Epilepsy mainly results from supratentorial
brain metastases, with the highest risk of epi-
lepsy in cortical metastases. Patients with metas-
tases in the frontal lobe, temporal lobe or insula
have a higher risk of epilepsy than patients with
metastases in other brain regions [17]. Incidence
of epilepsy seems to vary by the underlying pri-
mary tumour, with the highest incidence in mel-
anoma patients (67%) and lung cancer patients
(29%) [18]. Induction of epilepsy is thought to
result from tissue damage in brain metastases,
such as necrosis and deposition of haemosiderin
[19]. New-onset seizures in patients with known
brain metastases may indicate progression of
tumour or associated oedema or an intratumoural
haemorrhage.

In patients with brain metastases, almost all
epileptic seizures are symptomatic, and the ictal
signs depend on the location of the metastasis.
Most generalized tonic clonic seizures are sec-
ondary seizures with a focal onset.
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Epilepsy in CNS Metastases

Roberta Ruda, Alessia Pellerino,

and Riccardo Soffietti

9.1 Introduction

Seizures represent one of the most frequent
symptoms among patients with brain tumors
being the highest incidence observed in lower-
grade gliomas (up to 80-90%) [1]. Conversely,
the incidence of seizures in brain metastasis is
lower [2], ranging from 24% to 34% of patients
in old series [3, 4], which were mostly CT-based,
to 14.6% in a recent review performed on patients
diagnosed in the MRI era [5]. This reduced inci-
dence may be attributed to the higher sensitivity
of MRI in detecting brain metastases at an earlier
time point, when the lesions are smaller and the
patients asymptomatic.

Most patients develop seizures at the time of
presentation (78%), while 22% develop seizures
later in the course of the disease [5]. The most
common types of seizures are simple partial sei-
zures, while complex partial seizures are less
frequent (also in comparison to gliomas). Status
epilepticus is rare.

Some studies have reported a tendency toward
a better prognosis in patients with gliomas who
have seizures [6, 7]; however, few data are avail-
able concerning the potential prognostic role of
the presence of seizures in patients with brain
metastases. In a recent paper [8] which has

R. Ruda (B<) - A. Pellerino - R. Soffietti
Department of Neuro-Oncology, University and City
of Health and Science Hospital, Turin, Italy

© Springer Nature Switzerland AG 2020

collected 823 patients with both primary and
secondary brain tumors (518 metastases), no
survival differences were observed among brain
metastasis patients with or without seizures.

Risk Factors
and Pathogenesis

9.2

Primary tumor type and tumor location are the
most important factors associated with the risk
of seizures in brain metastases [9]. Among the
most frequent tumor types, the highest rate for
seizures is observed in melanoma (between 11%
and 33%) [10-12], followed by lung (12.5%)
[13, 14]. Among less frequent primary tumors,
seizure risk seems relatively high for ovarian can-
cers (15.3%) [15] and low for colorectal (7.7%)
[16] and prostate cancers (4.9%) [17].

The incidence is higher for patients with
metastases involving or adjacent to brain regions
with high epileptogenicity, such as motor cortex
and temporal lobe. Other factors associated with
the risk of seizures are multiplicity of lesions and
presenting headaches or cognitive deficits [18].

Very few is known concerning the patho-
genesis of epilepsy in brain metastases [9].
Intracranial metastases tend to be well cir-
cumscribed compared to primary brain tumors
which are more infiltrative in nature: given this
difference in growth pattern, it is commonly
thought that brain metastases are less likely to
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induce seizures than primary tumors. However,
the mechanisms of epilepsy in brain metastases
are poorly understood. Alterations in peritu-
moral microenvironment of the cortex, includ-
ing inflammation, hypoxia, and acidosis, induce
swelling and cell damage together with deregu-
lation of sodium and calcium influx with gen-
erations of discharges. Brain metastases could
cause disturbances in the metabolism of amino
acid neurotransmitters in peritumoral areas
and disrupt the balance between excitatory and
inhibitory compounds. Moreover, brain metas-
tasis induces local microcirculation impair-
ment, thus leading to ischemia and seizures.
Conversely, the mechanism of a denervation
hypersensitivity seems to be more related to a
chronic epilepsy as in slow-growing gliomas.

The Role of AEDs
for Prophylaxis

9.3

Whether prophylactic use of anticonvulsants may
be useful in patients with brain metastases is a
matter of debate. Published series focusing on
this topic have included patients with both pri-
mary and secondary brain tumors [19, 20] draw-
ing the conclusion that for adult patients with
brain tumors, who have not experienced a sei-
zure, routine prophylactic use of anticonvulsants
is not recommended.

In 2010 Mikkelsen et al. [21] performed a
systematic review on the role of prophylactic
anticonvulsants in the management of brain
metastases. The literature search resulted in
16966 papers; however, four studies only were
subject to full text screening, and three of them
were further excluded as they lacked baseline
data for brain metastases patients. Ultimately,
one study [22] met the eligibility criteria and
reported a randomized controlled study compar-
ing anticonvulsants versus no anticonvulsants in
100 patients with newly diagnosed brain tumors.
Sixty patients had brain metastases of whom 26
were treated with anticonvulsants (25 phenyt-
oin and 1 phenobarbital) while 34 received no

anticonvulsants. The trial was terminated early
because the seizure rate in patients who did not
receive prophylactic treatment was only 10%,
and there was no significant difference between
those who received anticonvulsants and those
who did not.

In 2013, Wu et al. [23] conducted a prospec-
tive, randomized trial examining the use of phe-
nytoin for postoperative seizure prophylaxis in
patients with supratentorial brain metastases or
gliomas undergoing surgical resection. At the
time of trial closure, 123 patients were random-
ized and 77 were metastases. The incidence of
seizures was 18% in the observational group
compared with 24% in the prophylaxis group
(p = 0.51). Moreover, routine phenytoin admin-
istration was associated with a significant drug-
related morbidity. The authors concluded that
the low baseline rates of perioperative seizures
in patients with brain tumors raise concern about
the routine use of prophylactic phenytoin in this
patient population.

Both the American Academy of Neurology
(AAN) [19] and the Association of Neurological
Surgeons (AANS) [21] recommended against
routine prophylaxis with antiepileptic drugs
for patients with primary brain tumors or
brain metastases without a history of seizures.
More recently, the European Association of
Neuro-Oncology (EANO) has reported in the
Guidelines on Brain Metastases the same state-
ment [24].

Despite the wide agreement within the scien-
tific community, some open issues still remain,
such as the potential benefit of seizure prophy-
laxis in some subgroups of patients at higher
risk and the impact of prophylaxis employ-
ing newer antiepileptic drugs. In this regard,
Goldlust et al. [12] reviewed the records of all
melanoma patients with brain metastases treated
at Memorial Sloan-Kettering between May 2006
and October 2008. They collected 109 patients:
seizures led to diagnosis of brain metastases in
13% (14/109), while 20% of patients (22/109)
developed seizures during the disease course.
Risk of seizures in this subgroup of patients
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was significantly increased in case of hemor-
rhagic or multiple supratentorial lesions or
brain metastases. Patients on prophylaxis with
antiepileptic drugs, consisting of monotherapy
with levetiracetam in most of patients, had a 0%
risk of developing seizures by 3 months, while
patients who did not receive prophylaxis had a
17% risk. These data suggest that, at least in this
subgroup of patients, prophylaxis with a newer
antiepileptic drug may have a role in the pre-
vention of seizures, but prospective studies on a
larger patient population are needed.

9.4 The Role of AEDs

for Treatment

Limited data are available concerning the effi-
cacy and safety of older and newer antiepilep-
tic drugs in patients with brain metastases and
seizures. More in general, there is no evidence
that a specific antiepileptic drug is more effective
than another, and randomized trials are lacking.
The availability of new classes of antiepileptic
drugs, which are better tolerated and result in a
better compliance, has increased the spectrum of
pharmacotherapy.

Table 9.1 summarizes the main studies on the
use of antiepileptic drugs (mostly on levetirace-

tam) performed more in general in brain tumors
in the last 10 years. Series are heterogeneous
in terms of histology, combining primary and
secondary brain tumors, different phases of the
disease and different types of seizures. Overall,
the number of patients with brain metastases is
limited in each series (from 2 to 30); moreover,
the rate of seizure response and seizure-free is
extremely wide, ranging from 20% to 100% and
from 27% to 77%, respectively [25-28].

To date, two small series only have been
published focused on the use of antiepileptic
drugs in a selected population of patients with
brain metastases. Newton et al. [26] analyzed
in a retrospective series of 13 patients with
brain metastases (6 from breast, 5 from lung,
and 2 from melanoma) the efficacy and toler-
ability of levetiracetam. The median dose was
1000 mg/day. Seizure frequency was reduced to
less than 50% compared to baseline in 100% of
the patients, and in 77% of patients a complete
response was observed. The most common side
effects were somnolence and headache. In a
more recent, prospective small series, Maschio
et al. [28] reported the results in terms of effi-
cacy and tolerability of three different AEDs
(levetiracetam, oxcarbazepine, topiramate)
employed in monotherapy in 30 patients with
brain metastases. With a median follow-up of

Table 9.1 Studies reporting the efficacy of new AEDs in brain metastases

Rate of Seizure

Study AEDs Study design | No. | Histology responders (%) | freedom (%)
Newton et al. | Levetiracetam | Add-on Retrospective | 41 12 GBM 90 58.5
J Neurooncol Mono 13 AA
2006 7 MTS

7 LGGs

2 PCNSL
Newton et al. | Levetiracetam | Add-on Retrospective | 13 13 MTS 100 77
J Neurooncol Mono
2007
Maschio et al. | Levetiracetam | Mono Prospective 30 30 MTS 100 63.3
J Neurooncol | Oxcarbazepine
2010 Topiramate
Maschio et al. | Topiramate Add-on Prospective 47 28 HGGs 20 56
J Neurooncol Mono 13 LGGs
2008 4 MEN

2 MTS




120

R.Ruda et al.

6 months, the authors reported a significant
reduction in the mean monthly seizure fre-
quency in all treated patients, with 19 patients
(63.3%) obtaining a complete seizure control.
The efficacy was similar for the three AEDs,
and the incidence of side effects was low, prob-
ably due to the fact that all patients were treated
in monotherapy.

No data are available concerning the poten-
tial pharmacoresistance of epilepsy due to brain
metastases. Overall, in the absence of specific
guidelines on the use of antiepileptic drugs in
this population of patients, the AED choice
is primarily based on type of epilepsy, age,
comorbidity, and concomitant treatments (see
“Interactions”). Epilepsy in patients with brain
tumors in general, including brain metastases,
belongs to the type of focal epilepsy, either with
or without generalization. For this type of sei-
zure, the International League Against Epilepsy
(ILAE) suggested, as the most appropriate
AEDs, levetiracetam, carbamazepine, phenyt-
oin, and zonisamide (level A), being valproate
the only level B [29].

Carbamazepine and phenytoin, as enzyme-
inducing drugs, may accelerate the metabolism
of many chemotherapeutic agents or targeted
therapies, and compromise their antitumor effi-
cacy; conversely, the use of zonisamide has not
been the subject of any study in brain metasta-
ses. For these reasons, in case of symptomatic
management of brain tumor-related epilepsy,
brain metastases included, levetiracetam fol-
lowed by valproic acid are considered the most
appropriate AEDs [30]. No data are available on
the impact on seizures in brain metastases of the
newer AEDs, such as lacosamide, perampanel,
or brivaracetam.

9.5 Interactions

The risk of interactions between AEDs and
anticancer agents is a major concern. Enzyme-
inducing AEDs, such as carbamazepine, phe-

nytoin, barbiturates, and to a lesser extent
oxcarbazepine, stimulate the activity of drug-
metabolizing enzymes, thus enhancing the met-
abolic clearance of many concomitant drugs,
including corticosteroids and many chemothera-
peutic or targeted agents [31, 32]. The strongest
interactions of carbamazepine, phenytoin, and
phenobarbital are seen with cyclophosphamide,
camptothecin derivates, taxanes, and topoisomer-
ase inhibitors [30, 33].

Combined use of EI-AEDs and mTOR inhibi-
tors produces a diminished systemic exposure to
temsirolimus, everolimus, and sirolimus [34, 35].

With the concurrent use of CYP3A4-
inducing AEDs, a substantial number of tyro-
sine-kinase inhibitors (crizotinib, dasatinib,
imatinib, lapatinib, etc.) have showed a signifi-
cant faster metabolism [36]. Moreover, a num-
ber of anticancer agents, including targeted
agents, may increase or decrease the serum
concentration of AEDs, suggesting the need for
a more accurate monitoring of serum level of
AEDs in cancer patient receiving antineoplas-
tic agents [37, 38].

9.6 The Potential Antineoplastic

Role of AEDs

The issue concerning the potential antineoplastic
role of some AEDs has been longer discussed.
The activity of valproic acid as a histone deacety-
lase inhibitor has gained attention for antitumor
effects. In the last 10 years, some retrospective
analyses have reported that glioma patients,
both in children and adult, exposed to valproic
acid have a better outcome [39-41]. Other
enzyme-inducing AEDs, notably carbamazepine,
have been suggested in small studies to play
a role in prolonging survival in GBM [42, 43].
Levetiracetam may inhibit transcription of the
06-methylguanine-methyltransferase repair pro-
tein gene, leading to the hypothesis of a poten-
tial role in prolonging survival in GBM. Happold
et al. [44] performed a pooled analysis of four
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randomized clinical trials in newly diagnosed
glioblastomas (AVAGLIO, CENTRIC,CORE,
RTOG 0825) and did not observe any significant
difference in outcome (PFS and OS) between
patients taking valproate and patients naive.
Similarly, no association with improved outcome
was observed for levetiracetam use.

Few data are available on this topic concern-
ing brain metastases. Reddy et al. [45] performed
a study with the aim to investigate the effects of
VPA on outcome in a population of patients with
brain metastases from breast cancer treated with
whole brain radiotherapy. The rationale of this
study was based on the previous observation in
preclinical studies that VPA had radiosensitizing
effects in differentiated mammary cells. Patients
receiving VPA had a median OS of 11 months
as compared to 5 months for those not receiving
VPA. Moreover, median OS was 9 months for
patients taking any AEDs versus 4 months for
those not taking AEDs. Thus, this study suggests
that the use of AEDs, including VPA, is associ-
ated with a better outcome in patients with brain
metastases from breast treated with whole brain
radiotherapy.

The Influence
of Antineoplastic Treatments
on Seizures

9.7

Surgical resection allows seizure control in
many patients with primary brain tumors, par-
ticularly in low-grade gliomas, including those
with pharmacoresistant epilepsy: the percentage
of seizure-free patients in the major series ranges
from 65% to 82% [46, 47]. Across all studies, the
most significant factors associated with seizure
freedom are completeness of tumor resection
and short preoperative duration of tumor-asso-
ciated epilepsy. In addition to the well-known
impact of surgical resection, there are increas-
ing data regarding the role of radiotherapy and
chemotherapy in reducing seizure frequency in
patients with gliomas [48, 49].

Thus far, there are few data regarding the
impact of antineoplastic treatments on seizures
in brain metastases. Total surgical removal
could be effective in allowing seizure control:
in a large retrospective series of brain metas-
tases receiving surgery, radiation, and che-
motherapy, a subtotal resection (as compared
to total resection) has been associated with a
higher probability of losing seizure control in
the follow-up [18]. However, there are no data
on the impact on seizures of the individual
treatment modalities, i.e., surgery, WBRT, SRS,
and chemotherapy.

Conversely, seizures may represent an
adverse effect of high-dose focal radiotherapy.
Stereotactic radiosurgery, either as a boost of
WBRT or alone, is associated with early sei-
zures occurrence in 2—-12.4% of patients [14,
50]. Moreover, *!Cs brachytherapy implants
after surgery has resulted in a 4.3% incidence
rate or seizures [51]. In general, there is need
that studies on the effects of SRS of brain
metastases from different solid primaries will
prospectively collect data on the rate and risk
factors for seizure developments following
treatment.

Epilepsy is a dose-limiting toxicity in phase
I and II clinical trials of some anticancer drugs.
Seizures may occur in patients undergoing treat-
ment for cancer, especially at high-drug doses.
Moreover, renal or hepatic disorders may affect
drug clearance and lead to seizures. Some cyto-
toxic agents, which are used in patients with
or without brain metastases in patients with
NSCLC, breast cancer, or colorectal cancer,
may rarely give rise to seizures. Cisplatin-
induced seizures are a manifestation of an
acute toxic encephalopathy, generally appear-
ing during or soon after the administration [52].
Generalized tonic-clonic seizures are the most
common type and may be combined to corti-
cal blindness, aphasia, hemiparesis, or acute
confusional state. Seizures are associated with
cisplatin-induced hypokalemia, hyponatremia,
and hypomagnesemia. Seizure most frequently
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appear during or soon after paclitaxel admin-
istration [53]. Previous brain surgery and/or
WBRT may increase the risk of seizures, as
the damage of the BB can facilitate seizures or
encephalopathy. 5-Fluoracil-induced seizures
are uncommon in patients receiving high doses
or continuous infusion [54].

In most cases, drug-induced seizures arise
spontaneously after drug withdrawal. The use-
fulness of neuroprotective agents (amifostine,
glutathione, vitamin E) has not been proven.

Targeted agents and immunotherapy with
checkpoint inhibitors are not considered a risk fac-
tors for seizures thus far (Figs. 9.1, 9.2, and 9.3).

Fig. 9.1 Sixty-four-year-old male, with a diagnosis of
renal carcinoma treated with surgery alone. After 1 year
from diagnosis of the primary tumor, he developed partial
seizures with visual disturbances in the right field, and
levetiracetam 2000 mg/day was started. MRI with gado-
linium showed a single lesion in the left occipital lobe,

with a ring enhancement and edema. Patient underwent
surgery with a gross total removal of the lesion with a his-
tological diagnosis of metastasis from renal carcinoma.
Then stereotactic radiosurgery to the surgical bed was
performed

vious surgery. Carbamazepine was given as add-on treat-
ment. Patient underwent a second surgery, and a diagnosis
of radionecrosis was obtained

Fig. 9.2 After 6 months from radiotherapy, while he was
taken levetiracetam 2000 mg/day, the patient experienced
a generalized seizure and MRI displayed a “nodular”
enhancement with increase of edema in the site of the pre-
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Fig. 9.3 Postoperative CT documented a gross total
resection, and the patient remained seizure-free for 3 years

9.8  Conclusions

Epilepsy in brain metastases is an emerging
issue, also due to the increasing number of long-
surviving patients with solid cancer who are at
risk of relapse into the brain. The risk of seizures
for patients with brain metastases is lower as
compared to gliomas, but the pathogenesis could
probably differ, and novel clinical and preclini-
cal studies are needed. Randomized trials should
investigate the role of new AEDs in those sub-
groups of patients at high risk of seizures, such as
those with hemorrhagic or multiple brain metas-
tases from melanoma. With the increasing use
of stereotactic radiosurgery, risk factors for the
development of seizures will be welcome.
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10.1 Background

Steroid treatment for patients with brain metas-
tases was established in the 1950s [1, 2] and
remains the primary choice for the treatment of
peritumoral brain edema. The anti-edema effects
of steroids provide quick and reliable, though
transient, relief from intracranial mass effect and
associated symptoms. In this chapter, an over-
view on the pathomechanism of tumor-related
edema as well as the effects, pharmacokinetics,
and most important side effects of steroids will
be provided.

10.2 Pathomechanisms
Underlying the Peritumoral
Edema

The origin of peritumoral edema is vasogenic,
which is a result of an impaired function of epen-
dymal tight junctions at the blood-brain barrier.
Its increased permeability results in fluid redistri-
bution toward the extracellular space and edema
with an increase of intracranial pressure [3, 4].
Several molecules that are crucial for tight junc-
tion function, including occludins, claudins, and
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zona occludens proteins, are downregulated in
tumor blood vessels [5, 6]. Aquaporins, another
class of molecules crucial for renal fluid reten-
tion and regulation, are upregulated in cells from
primary brain tumors and brain metastasis [7]
and may further contribute to edema formation.
Whether the leakage of the blood-brain barrier
is primarily mediated by antitumor inflamma-
tory responses or is a direct result of the action
of cytokines which are released from tumor cells
has not yet been definitively clarified for brain
metastases. The multiple actions of corticoste-
roids, however, can target both pathways, since
they limit inflammation by direct inhibition and
apoptosis of immune cells [8—10] and result in a
decreased release of cytokines such as vascular
endothelial growth factor (VEGF) in vitro and
in vivo [11, 12]. The VEGF pathway contributes
to edema formation and can be targeted therapeu-
tically with antibodies such as bevacizumab.

10.3 Steroid Types:
Pharmacological Properties
and Relevant Drug

Interactions

Natural steroid hormones produced in the adre-
nal glands comprise mineralocorticoids and
glucocorticoids. Glucocorticoids like corti-
sol are catabolic hormones that regulate blood
sugar levels, but exert also anti-inflammatory as
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well as immune regulatory effects and mediate
vasoconstriction [13]. Immunosuppression and
vasoconstriction are in part desired and needed
for the anti-edema properties of steroids. In con-
trast, increased blood sugar levels or worsening
of a pre-existing diabetes is a major challenge in
patients treated with steroids [14], which will be
outlined later in this chapter.

Aldosterone, the most prominent mineralocor-
ticoid, is involved in the regulation of electrolyte
and water homeostasis. This explains increased
fluid retention and a subsequent increase of arte-
rial blood pressure, as well as electrolyte dis-
balances (increase of sodium and decrease of
potassium levels) which may occur upon thera-
peutic administration of steroids with mineralo-
corticoid activity. These effects may subsequently
induce cardial and neurocognitive deficits and
lower the threshold for epileptic seizures [14]. As
a consequence, several synthetic corticosteroids
have been designed in the past decades in order
to maximize their anti-inflammatory and anti-
edema potential while minimizing mineralocorti-
coid effects. Table 10.1 provides an overview on
the most relevant synthetic corticosteroids that
are used in neuro-oncology.

In contrast to side effects, which can be
mostly attributed to mineralocorticoid and glu-
cocorticoid properties, it is only partially under-
stood how steroids decrease tumor-associated
edema. In brief, free glucocorticoids permeate
the cellular membrane and bind to the cytosolic
glucocorticoid receptor. Binding to this receptor
initiates several transcriptional and posttranscrip-
tional changes: receptor-bound glucocorticoids
are translocated to the nucleus involving heat-
shock proteins. Here, the glucocorticoid receptor
binds to specific sequences, depicted as gluco-
corticoid response elements (GRE) that initiate
downstream signaling. Subsequently, the expres-
sion of several interleukins and other pro-inflam-
matory chemo- and cytokines is suppressed.
Here, synthetic steroids such as dexamethasone
or methylprednisolone are superior to the physi-
ologically occurring cortisol due to their higher
binding affinity to GRE. Furthermore, steroid
signaling affects the expression of various genes
and transcription factors such as NF-kB [16-18].

Direct anti-edema effects involve an upregula-
tion of tight-junction proteins like occludins and
claudins which are crucial for the integrity of the
blood-brain barrier. Its restoration reduces tran-
sependymal fluid permeability and the extent
of edema, and local vasoconstriction decreases
intracranial pressure and improves drainage of
extracellular fluid [3, 14, 17, 19].

There are several significant interactions of
steroids with other drugs. Effects of oral anti-
coagulants can be enhanced and result in an
increased bleeding risk [20]. Corticosteroid lev-
els can be reduced by enzyme-inducing anti-
convulsants like phenobarbital, phenytoin, and
carbamazepine [21-24]. The same might account
for other inducers of the cytochrome P450 sys-
tem, e.g., rifampicin [25]. Furthermore, cortico-
steroids tend to interact with antidiabetic drugs,
antibiotics, diuretics, and antiviral as well as anti-
fungal medications.

In addition to an improvement of clini-
cal symptoms related to the mass effect of a
tumor, steroids also have antiemetic effects and
are therefore included in many chemotherapy
protocols as a premedication. These effects are
explained by several humoral, anti-inflammatory,
and direct actions on CNS structures including
the area postrema in a serotonin-dependent man-
ner [26].

10.4 Clinical Control of Edema

In contrast to its widespread use, there is only
limited evidence from clinical trials regarding
the quantification of edema reduction by corti-
costeroids, and the available data rely mostly on
reports with a low number of patients, mainly
from the 1960s to the 1990s. First clinical and
basic research reports attributed the antiedema
effects of corticosteroids to an improvement
of cerebral blood flow as well as a restoration
of vasal autoregulation and blood brain barrier
function [19, 27-30]. Further studies from the
MRI era suggested a significant size reduction of
contrast-enhancing tumor parts and the surround-
ing edema, but not of cerebral blood volume or
flow [31-33]. However, these studies are limited



129

10 Safety, Tolerability, and Use of Steroids

0091
JUQUIBAI) dANB[RYUT A[LIRWLI] 'u -00t 7L-9€ ON 'u 0g< 'e'u opluosapng
uorjok JO uoneINp
Suoj pue Aousjod Y31y ‘uonujal pmy
pue £JIAT)OR PIOOTII0O0[RISUTU [EWTUTUL
‘oArssarddnsounuruu/AI0jewuEJul-nuy Sl y7-C 7L-9¢€ SOx - o€ $0°0 quoseyjowexaq
d[qe[TeA. A[[EIO PUE ‘SNOUSARIIUL 0001
‘aarssarddnsounwrw/ArojewuuejuI-nuy 9 -00S 9¢—21 ON - S 70| ouojostupaidiAyioN
QUOSBYJOWEXAP 0} dATRUId) [
IS1YJ UONDE PIOdNI000oN[S YSIH S'L 09-¢ 9¢—Cl ON 90 ¥ ¢Co SUOosIupald
(% - -8 ON 80 80 STl [uosnIon
Kdeioyy Juoweoe[dar [0s1)100 AJLIRWILI] 0€ 0€-0T 71-8 ON 1 1 I QUOST}IOJ0IPAH
SYIBWAI [BOIUI[D) (3ur) (Bwr) | (Y) 9J1[-JTey | poreurion] Kouayod Kouayod (Sur) Jualy
proysaIyy q3uer | [eoidojorg PIOO1}I000 RIQUTW proonioooon3 | juaearnba
Surysn) asop ATR[OY AIR[OY [osnio)
[ensn

Qm~ nm: woty @mem—u&& SPIOJAISOIIIOD PIjId[as JO woﬁzvmo.ﬁm L'oL ®|qelL



130

F. Wolpert and P. Roth

by their small sample size and focus on primary
brain tumors such as gliomas and meningiomas,
and it remains elusive if these findings also fully
apply to patients with brain metastases. To date,
there are no data from clinical studies with a
significant sample size available that quantified
the effect of steroids in a meaningful number of
patients.

Several orally available steroids were mainly
developed in the 1950s and 1960s of the last
century, most importantly dexamethasone and
prednisone. No data from dedicated trials are
available that compared the activity of different
synthetic corticosteroids. Because of its high glu-
cocorticoid potential (30-fold stronger than that
of endogenous cortisol), favorable pharmacoki-
netic profile with low mineralocorticoid poten-
tial, long half-life of approximately 48 h that
allows a dosing schedule of once daily, and lower
tendency to induce delirium or psychotic distur-
bances, dexamethasone has been used most fre-
quently at many neuro-oncological centers (see
Table 10.1 for pharmacological properties).

Clinical responses to steroid administration
are in the range of 30-70% [4, 14]. However,
relief from intracranial pressure and neurologi-
cal deficits is typically obtained for only a few
weeks.

10.5 Side Effects and Frequent
Complications Associated
with Steroid Administration

The following section summarizes the most
important side effects of steroid treatment
(Table 10.2). For many complications and their
prevention, the level of evidence is low, and com-
prehensive guidelines are lacking.

Cardiovascular side effects belong to the
most significant complications during steroid
therapy, most importantly arterial hypertension
which is frequently observed in a dose-depen-
dent manner [34]. This is explained by fluid
restriction and vascular constriction mediated
by steroids [35].

Furthermore, steroid medication is a con-
firmed independent risk factor for venous throm-
boembolic events [36, 37]. Steroids probably
contribute to endothelial dysfunction and hyper-
coagulability by overexpression of prothrom-
botic factors, including factors VIII, IX, and von
Willebrand factor as well as increased plasmino-
gen activator inhibitor 1, an endogenous inhibitor
of fibrinolysis [36]. Furthermore, venous stasis is
frequently present in patients with brain metas-
tases due to focal neurological deficits such as
hemiparesis, another important prothrombotic
factor.

Steroid-induced diabetes is observed in up
to 50% of patients on long-term treatment [38].
Thus, monitoring of laboratory values of patients
on steroid treatment must include blood glucose
levels. Treatment decisions should follow guide-
lines for type 2 diabetes [39], but reevaluated
closely upon tapering of steroids [38].

Peptic ulcers and gastrointestinal bleeding
events are potentially severe complications in
patients on steroid treatment [40]. The thresh-
old for prophylactic treatment with proton pump
inhibitors or histamine blockers is therefore low.
Despite this clinical practice, the particular risk
to develop peptic ulcers on steroid treatment or
problematic dose ranges is unknown, and there
are thus no comprehensive guidelines when to
start prophylaxis. A reasonable approach could
be to withhold stomach prophylaxis from asymp-
tomatic patients without a history of previous
bleeding or ulcerogenic comedication (e.g., aspi-
rin). Controlled prospective trials will be required
to clarify the benefit from primary ulcer prophy-
laxis and to identify individuals at high risk [41].

Patients on long-term steroid treatment show
furthermore increased susceptibility towards
some opportunistic infections, most importantly
Pneumocystis jirovecii pneumonia (PJP) [42].
Consensus guidelines, e.g., of the Australian
College of Physicians, suggest PJP prophylaxis
if duration of steroid treatment exceeds 4 weeks
or during myelosuppressive chemotherapy [43].

Alkylating or other myelotoxic chemotherapy
is an independent risk factor for the develop-
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Table 10.2 Side effects: frequency, recommendations on diagnostics, prophylaxis, and treatment (Adapted from [15];
P prophylaxis, T therapy)

Frequency upon | Symptoms/clinical | Clinical assessment and
Side effects long-term use | manifestation laboratory testing Prophylaxis/treatment
Cushing’s Up to 70% Moon face Fasting cortisol P: Steroid dose below
syndrome Hyperglycemia Fasting glucose Cushing threshold
Arterial ACTH stimulation test | T: Tapering whenever
hypertension clinically possible
Striae
Osteoporosis Up to 50% Pain Vitamin D and P: Short treatment periods
parathyroid hormone
Pathological Bone density T: Calcium and vitamin D
fractures measurement supplement,
bisphosphonates
Myopathy 10-60% Muscle weakness P: Steroid dose below
10 mg/day prednisone
(equivalent)
T: Switch from fluorinated
to non-fluorinated steroids/
physical therapy
Steroid-induced Up to 50% Cardiovascular Monitoring of vital P: Limited use of steroids
diabetes alterations parameters
Renal Serum creatinine/ T: Taper steroids,
insufficiency glomerular filtration symptomatic treatment of
rate complications
Visual Funduscopy, visual
impairment acuity testing
Thromboembolic Two- to Deep venous D-dimers (high rate of | P: Mobilization; anti-
events threefold thrombosis false-positive results) embolism stockings and/or
increased low-dose heparin in
thrombosis risk high-risk patients
Pulmonary Doppler ultrasound of | T: Anticoagulation
embolism extremities (therapeutic doses)
Chest CT, lung
scintigraphy
Immunosuppression | 30-100% Pneumocystis Differential blood P: Monitoring of
jirovecii count lymphocyte count (>10%/
pneumonia uL), limit steroid dose
Chest X-ray/CT T: Prophylaxis or treatment
with co-trimoxazole or
other appropriate
antibiotics in patients
receiving steroids for more
than 4 weeks
Steroid dermatitis Rosacea like Skin inspection P: Short treatment periods,
phenotype dose limitation
T: Taper steroids
Psychiatric Up to 60% Insomnia Psychiatric assessment | P: Lowest possible dose of
disorders Mood disorders steroids

Psychosis

T: Neuroleptic drugs, other
sedatives
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ment of PJP, and prophylaxis should therefore be
closely evaluated in these patients [44, 45]. Since
the risk for PJP correlates with the grade of lym-
phopenia, monitoring of absolute lymphocyte
counts (or alternatively CD4+ T cells) is some-
times used as a parameter in study protocols and
in clinical practice. However, there are no defi-
nite cutoff values, but a lymphocyte count below
1 x 10 lymphocytes/pL [46] is typically accepted
as a threshold to start PJP prophylaxis and imple-
mented in numerous study protocols. However,
in patients on long-term steroid treatment, e.g.,
for more than 4 weeks, PJP prophylaxis should
be considered regardless of lymphocyte counts.
Co-trimoxazole per os is the agent of first choice
for prophylaxis. Alternative drugs are dapsone
per os or inhalation of pentamidine [43].
Myopathy is another frequent complication
during long-term steroid treatment and is reported
to occur in about 10% of patients with brain
tumors during steroid therapy and, in general,
in up to 60% of patients on permanent steroid
intake [47, 48]. The onset of steroid myopathy
varies between 1 week and 4 months after treat-
ment start, and is dose-dependent [48, 49]. Doses
below 10 mg prednisone or 2 mg dexamethasone
per day are considered to be of low risk, though
clinical evidence is limited [50]. Most prominent
clinical symptoms from steroid myopathy are
weakness, predominantly of proximal muscle
groups (pelvic girdle), rather than pain or mus-
cular swelling [49, 50]. In severe cases, also res-
piration musculature can be affected [49]. There
are no validated screening tools or common
guidelines for early detection of steroid myopa-
thy. Close clinical monitoring and neurological
assessment are recommended [47-49]. From a
pathophysiological perspective, fast-acting (type
2a) muscle fibers are primarily affected by ste-
roids, whereas slow-acting (type 1) fibers are
usually spared [51, 52]. Patients may recover
from myopathy if complete and sustained taper-
ing of corticosteroids is achieved. Fluorinated
glucocorticoids such as dexamethasone, beta-
methasone, or triamcinolone may bear a higher
risk for the development of steroid myopathy
[53]. However, robust data in patients with brain
tumors are lacking. Laboratory parameters asso-

ciated with muscle functions such as serum lac-
tate dehydrogenase, creatine kinase, or aldolase
are usually in the normal range and may only be
altered in patients with advanced myopathy [50,
53, 54]. The specificity of increased urine cre-
atine kinase levels in patients treated with glu-
cocorticoids needs to be further validated, since
the secretion of creatine kinase is highly prone to
other factors like meat consume [49]. The clini-
cal usefulness of electromyographic assessments
as a screening tool is also restricted since myo-
pathic patterns are usually only observed in late-
stage myopathy [49]. Predisposing factors for the
acute onset of steroid myopathy include the con-
current use of non-depolarizing muscle relaxants
(curare-like agents), for late-onset patients’ age,
and the cumulative corticosteroid dose [13].

Altogether, close clinical monitoring is cru-
cial for early recognition of steroid myopathy. If
steroid reduction might not be feasible, a switch
toward non-fluorinated steroids might be consid-
ered [13].

Osteoporosis due to long-term steroid treat-
ment is a further complication, and its association
with pain and pathological fractures has a signifi-
cant impact on morbidity. The pathomechanism
of bone loss involves direct, steroid-mediated
apoptosis of skeletal cells and secondary hyper-
parathyroidism as well as the suppression of
growth factors such as insulin-like growth factor
1 and prostaglandin E2. Prophylaxis should be
prescribed to all patients on long-term steroids
and comprises calcium and vitamin D supple-
mentation [55]. Bone density measurement has a
high sensitivity for the diagnosis of osteoporosis
and should be considered in patients requiring
permanent steroid doses above 7.5 mg predni-
sone per day (or any equivalent steroid) [56].
Additional therapy with bisphosphonates such as
alendronate or risedronate can be useful if osteo-
porosis is present [55, 57]. Patients with patho-
logical vertebrate fractures might suffer from
severe pain, and surgical approaches such as
kyphoplasty might be required for stabilization
and pain control [58].

It remains unclear if the administration of ste-
roids increases the risk for seizures. There are few
reports on epileptic seizures as a result of steroid
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withdrawal [59]. The cytochrome P450 system is
responsible for the hepatic metabolization of ste-
roids as well as several antiepileptic drugs, and
the combined administration of steroids and anti-
convulsants may therefore result in provoked sei-
zures due to subtherapeutic serum levels of either
drug. However, the available clinical data do not
indicate that steroid treatment per se is associated
with an increased seizure risk.

Finally, psychiatric side effects and cognitive
impairment are common (up to 60% of patients)
with a major impact on the patients’ quality of
life. The onset varies between 2 weeks and sev-
eral months after initiation of treatment in a dose-
dependent manner [60, 61]. Whereas emotional
instability, (hypo)manic symptoms, and sleep
disturbances tend to occur early after initiation of
steroid therapy, depression and other symptoms
become rather relevant with long-term use. Here,
discriminating direct tumor-mediated effects, e.g.,
due to tumor progression, from steroid-induced
symptoms, might be difficult. Dose reduction is
the most important measure and usually results
in partial or complete recovery. However, neuro-
leptic drugs (preferably quetiapine, risperidone,
or olanzapine) might be necessary to control psy-
chiatric symptoms, particularly if tapering of ste-
roids is not feasible [62, 63].

10.6 Therapy Initiation, Dosing,
and Tapering of Steroids

If the origin of a cerebral lesion has not yet been
confirmed histologically, steroids should not be
used in the absence of strong clinical need if a
CNS lymphoma is suspected. Treatment with
corticosteroids prior to biopsy or resection may
blur the pathological findings of a lymphoma
[64, 65]. Therefore, if a CNS lymphoma is sus-
pected, the initiation of steroid treatment should
be carefully weighed, and diagnostics including
histological confirmation should preferably be
completed prior to the first steroid dose.

There is no consensus on the optimal steroid
dose that should be used in symptomatic patients
with brain metastases. Even for dexamethasone,
the most frequently prescribed steroid in neuro-

oncology, only limited data are available. A
clinical trial comparing dexamethasone doses of
4 mg, 8 mg, or 16 mg/day did not demonstrate
differences regarding edema control in patients
with brain metastases. However, higher doses
resulted in significantly more side effects [66].
Nevertheless, current guidelines recommend the
use of even higher dexamethasone doses based
on individual decisions as judged clinically
appropriate. In any case, dose reductions should
be considered as soon as possible [67].

It remains a matter of debate if preoperative
initiation of steroid treatment exerts positive or
detrimental effects on surgery outcome. A recent
study showed no difference in the outcome of
patients pretreated with steroids, but also no
increase of peri- or postoperative complications
[68]. In general, it must be assumed that steroids
are rather overused in the context of surgery or
radiotherapy.

During steroid treatment, several -clinical
and laboratory parameters should be assessed at
baseline and monitored regularly, including body
weight, blood pressure, electrolyte levels, fast-
ing glucose, lipid status, and differential blood
count. There are no comprehensive guidelines on
how to schedule monitoring which needs to be
planned on an individual base for each patient.
In patients on long-term steroid treatment, bone
mineral density assessment might be considered
useful to determine the risk for developing clini-
cally relevant osteoporosis as mentioned before.
An ophthalmologic examination is furthermore
recommended for patients on long-time steroids
to assess for ocular hypertension or cataract [69].

10.7 Steroids
and Immunotherapy

Steroid treatment impairs lymphocyte function
and may therefore interfere with the clinical
activity of immunotherapy. This is of particular
importance with the emergence of the class of
immune checkpoint inhibitors which includes
blocking antibodies to programmed cell death
protein (PD)-1 or cytotoxic T-lymphocyte-
associated protein (CTLA) 4, both inhibitory
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receptors on immune cells. These drugs have
revolutionized therapy of certain cancers includ-
ing melanoma and lung cancer [70], and there is
increasing evidence that they also work against
brain metastases [71].

In vitro data show an inhibition of checkpoint
inhibitor-induced immune responses by steroids
via an upregulation of PD-1 [72]. However, there
are no controlled clinical trials available so far
that assessed the potentially detrimental effect of
steroids in the clinical setting of brain metastases.
Nevertheless, as steroids may be a major limitation
to the efficacy of immune checkpoint inhibitors,
their use should be limited as far as possible in the
context of immunotherapy [73]. On the other hand,
corticosteroids are a crucial tool to effectively con-
trol immune-related side effects in patients treated
with checkpoint inhibitors [74, 75].

10.8 Steroid-Sparing Alternatives

Given their significant side effects, strategies
aiming at sparing steroids have been subject of
intensive research. Albeit not improving overall
survival, bevacizumab has strong antiedema activ-
ity and has been assessed extensively in the con-
text of primary brain tumors such as glioblastoma
[76-78]. Data on patients with brain metastases
are limited to retrospective series or small pro-
spective clinical trials and are largely restricted to
the management or prevention of radiation necro-
sis [79-81]. These reports demonstrate a decrease
of the size of contrast-enhancing lesions as well
as the edema upon bevacizumab administration.
The use of corticorelin acetate, a synthetic
analog of the human corticotropin-releasing fac-
tor, was assessed in a phase III clinical trial in
patients with primary or metastatic brain tumors.
Although the study failed to meet its primary
endpoint (50% reduction of steroid dose), a sig-
nificant reduction of adverse effects, in particu-
lar steroid myopathy and Cushing’s syndrome,
was reported [82]. It remains to be awaited if
the clinical development of corticorelin ace-
tate will be further pursued. Other therapeutic
options to treat edema and replace steroids are
boswellic acids which have also shown some

direct antitumor effects in vitro [83]. In a ran-
domized controlled trial, a significant reduc-
tion of the peritumoral edema was observed in
patients treated with boswellia extracts, whereas
no direct steroid-sparing effect could be detected
[84]. Together with their overall benign toxicity
profile, boswellic acids may be considered as a
complementary treatment in patients with brain
metastases-related edema [15, 85].

10.9 Concluding Remarks

Corticosteroids remain the therapeutic corner-
stone in the management of peritumoral edema
in patients with brain metastases. In contrast
to their widespread use over approximately six
decades, there is still limited knowledge on their
exact mode of action. Potential clinical benefit
is opposed by numerous side effects that make
long-term treatment with steroids troublesome.
Therefore, the administration of steroids should
be done with caution and requires close clinical
monitoring. Early recognition of possible com-
plications is crucial to avoid or at least minimize
detrimental effects. Whenever possible, tapering
should be considered. A direct impact of corti-
costeroids on the survival of patients with brain
metastases has not been proven so far. However,
the fact that steroids have been identified as an
independent negative prognostic factor in glio-
blastoma patients [86] suggests that a similar role
might be possible in patients with brain metasta-
ses. Treatment alternatives are rare, and further
clinical studies are needed to define the steroid-
sparing potential of novel drugs.
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11.1 Introduction

Venous thromboembolism (VTE), manifesting
as deep vein thrombosis (DVT) with and without
pulmonary embolism (PE), is a frequent compli-
cation in patients with cancer, especially in those
with advanced disease. They may cause a high
symptom burden with pain, feeling of tension,
breathlessness, fatigue, and impairment of mobil-
ity, and are the second leading cause of death
after the tumor itself. An international meta-
analysis of VTE in patients with cancer found
an annual incidence between 0.5% and 20%
depending on cancer type and other risk factors
[1]. Interestingly, an increasing number of the so-
called asymptomatic PE, incidentally found on
CT imaging done for other purposes than diag-
nosis of suspected PE, have been reported over
the last decades [2]. However, the true incidence
might be even higher due to unreported cases
because of patient’s poor condition and lack of
mobility.
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One of the manifestations of advanced cancer
is the occurrence of brain metastases (BM) in up
to 25% of all cancer patients; but the exact inci-
dence of BM in each tumor entity as well as the
interval between tumor diagnosis and diagnosis
of BM is highly variable and, so again, the num-
ber of undiagnosed cases is unknown, but sus-
pected to be high and increasing with efficacy of
systemic cancer treatment.

Like in primary brain tumors, the symp-
tom burden of BM depends on their location,
the amount of mass effect, and the velocity of
growth, not on the organ of origin of the underly-
ing cancer.

The frequency of the coincidence of brain
metastases with VTE can only be estimated, as
the incidence of both events is not mandatorily
recorded; nevertheless, the coincidence of these
two severe complications in advanced cancer
cannot be infrequent, as both share a lot of com-
mon pathways involving cell aggregation, platelet
activation, stasis in blood vessels, and activation
of the coagulation system, to name only a few.

11.2 Incidence

Exact data are lacking; there are only few studies
done in patients in late cancer stages. An autopsy
study of 506 cancer patients deceased in 1970 in
the Roswell Park Memorial hospital showed
that 18% of deaths were due to VTE and in 43%
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TE was a contributing factor [3]. The barriers
for prospective studies to this topic are numer-
ous, ranging from the high estimated numbers
of affected patients to the diversity of diagnostic
methods with varying sensitivity and specificity,
to legal concerns about the ability of BM patients
to give valid informed consent to study participa-
tion and the probability of rapid loss of patients
with advanced cancer. However, there are alarm-
ing data about the frequency of undiagnosed
VTE in hospice patients. In 1999, Johnson et al.
examined 298 hospice patients with advanced
cancer using light reflection rheography and
found evidence for DVT in 135, e.g., in 52%! In
multivariate analysis, DVT was associated with
poor mobility, reduced serum albumin level, and
increased serum urea [4].

The Vienna Cancer and Thrombosis Study
(CATS), an ongoing prospective, single-center,
observational cohort study that started in 2003
at the Medical University of Vienna, Austria
recruits patients with histologically confirmed,
newly diagnosed cancer or patients recurring
after a therapy-free interval. At inclusion, a blood
sample is drawn and used for the evaluation of
parameters associated with risk of occurrence of
VTE. Patients are followed for 2 years. So far,
more than 2400 patients have been included into
this study [5, 6]. Furthermore, at the Medical
University of Vienna, from 2003 to June 2017,
649 patients underwent surgical resection of a
brain metastasis, 848 underwent radiosurgery
for brain metastases, and 1791 were treated with
radiotherapy for BM. The intersection set con-
sists of 163 patients that received therapy directed
against BM and participated in the CATS study.
Of'these, 16 patients developed a thromboembolic
event during the CATS observation time, e.g.,
within 24 months of follow-up: 9 with lung can-
cer, 5 with breast cancer, 1 with colorectal cancer,
and 1 with ovarian cancer (full data unpublished).
This rate of ~10% is slightly higher than the
overall rate within the CATS study of 8.8%—but
given that the observation time within the CATS
study is only two years which misses most of the
brain metastases of breast cancer which typically

develop much later, this rate is relatively high.
Interestingly, these patients developing BM and
VTE could not be identified with the biomark-
ers and clinical predictor, neither by the Khorana
score, nor by the Vienna score, nor by the two
risk models proposed for patients with primary
brain tumors [7].

11.3 AreThere Guidelines?

The existing guidelines on VTE prophylaxis
in cancer patients recommend consensually
primary thromboprophylaxis in hospitalized
patients, and in outpatients, general prophylaxis
is not recommended. After abdominal and pelvic
cancer surgery, prolonged thromboprophylaxis is
recommended for 4-6 weeks. ASCO guidelines
suggest educating “high-risk” patients according
to a validated risk assessment tool [8, 9], NCCN
guidelines recommend a patient conversation
for those with a Khorana score of >3 [10-12],
and only the ESMO guidelines foresee giving
thromboprophylaxis to patients identified as
high risk by predictive models [13]. BM are not
explicitly mentioned in any of these guidelines.
A further attempt to address VTE prophylaxis in
patients with advanced cancer was done by the
Pan Birmingham Cancer Network (PBCN) by
defining patients with temporary higher throm-
bosis risk caused by acute medical illness, recent
surgery, spinal cord compression, and reduced
mobility with expectation of recovery, which led
to the palliative-modified Thromboembolic Risk
Factors (THRIFT) Consensus Group Criteria
[14]. Noteworthy, brain metastases are not men-
tioned among the high-risk factors in THRIFT,
but stroke is listed among them. There is some
rationale to consider that in patients with BM,
although in a minor scale than in stroke, simi-
lar thrombogenic events leading to increase of
microvesicle-associated tissue factor in the blood
stream occur. However, the presence or absence
of BM is not discussed by THRIFT guidelines
and the associated definition of temporarily ele-
vated risk (TER).
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11.4 Detection of Brain
Metastases in Patients
with Advanced Cancer

Recommending thromboprophylaxis in BM
patients would imply that some sort of screen-
ing for BM would be mandatory in patients with
advanced cancer, which is to date also not com-
mon practice in the absence of related symptoms.
Currently, staging examinations are done as long
as active anti-tumor treatment is given and those
staging examinations do not necessarily include
brain imaging in all tumor entities as long as
patients do not present with evocative symp-
toms. In the period after active tumor treatment,
most investigations are triggered by symptoms
or laboratory findings and so not necessarily
include brain imaging. On the other hand, brain
imaging has become much more available in the
last decade and most patients with any evocative
symptom usually undergo a CT scan and/or brain
MRI within short term. Treatment options and
survival durations in BM patients have markedly
improved over the last years. Most patients are
treated by tumor resection, radiation therapy or
radiosurgery or combinations thereof. Per se, BM
do not consist an indication for thromboprophy-
laxis to prevent VTE so far, but the occurrence
of patients with VTE events has likely to further
increase—as those patients survive for longer
periods in better condition.

11.5 Is Anticoagulation Feasible
and Safe in the Case of a VTE

Event in Patients with BM?

It is well known that patients with cancer are
also at increased risk of bleeding which further
increased during anticoagulation [15]. Bleeding
risk is most feared in patients with BM and in
fact BM present with a variable risk of spontane-
ous bleeding—and this risk is high in malignant
melanoma and renal cell carcinoma and has to
be weighed against the bleeding risk induced by
prophylactic or by therapeutic anticoagulation.

There is, happily, a retrospective study and
meta-analysis to this topic which provides some
evidence. Donato et al. reviewed retrospectively
a matched cohort study on the safety of therapeu-
tic anticoagulation with low molecular weight
heparin (LMWH) in 293 patients with cancer
with brain metastases (104 with therapeutic
enoxaparin and 189 controls) [16]. They per-
formed a blinded review of radiographic imag-
ing and categorized the severity of observed
intracranial bleedings (ICH) as trace, measur-
able, and significant. After 1 year, the cumulative
incidence of intracranial hemorrhage was not sig-
nificantly different in both groups, with 19% in
the LMWH group and 21% in the control group
(P =0.97). Of note, the risk of intracerebral hem-
orrhage in patients with renal cell carcinoma and
melanoma was higher than in patients with lung
cancer, but also in the high-risk tumors, it was
not increased by LMWH. Overall survival was
also similar in both groups with 8.4 months for
the LMWH group and 9.7 months for the con-
trol group (P = 0.65). Zwicker et al. published
a meta-analysis of nine retrospective cohort
studies to the risk of intracranial hemorrhage in
patients with brain tumors with anticoagulation
[17]. Three of them dealt with patients with BM
from solid tumors; the others included patients
with primary brain tumors. The odds ratio (OR)
for ICH in patients receiving therapeutic anti-
coagulation versus those who did not receive
anticoagulation was 2.13 (95% confidence inter-
val [CI], 1.00-4.56; I(2) = 46%). This apparent
difference can be elucidated when a subgroup
analysis pooling the data of three studies report-
ing of patients with BM showed no increase in
the rate of ICH (OR, 1.07; 95% CI, 0.61-1.88;
P = 0.81), whereas patients with primary brain
tumors showed a significant increase of ICH
when receiving LMWH (pooled OR, 3.75; 95%
CI, 1.42-9.95; P = 0.01). Interestingly, a further
subgroup analysis showed that patients with BM
from melanoma and renal cell carcinoma also
showed an increased rate of ICH with an OR
of 2.30 (95% CI, 0.80-6.59; P = 0.12) without
reaching statistical significance. So far available
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data support anticoagulation with LMWH in
patients with brain metastases suffering a throm-
boembolic event. In patients with tumors at high
risk for ICH, like renal cell carcinoma and malig-
nant melanoma, an individualized management
and documentation of eventual spontaneous ICH
before the onset of treatment appears advisable.
There are no studies on direct oral anticoagu-
lants (DOACS) for patients with brain metastases,
neither for DVT prophylaxis, nor for therapeutic
anticoagulation. However, some experience with
this unmet clinical need will become available
from recent clinical trials on the use of DOACs
in patients with cancer. The Hokusai trial showed
no inferiority of edoxaban as compared to dalte-
parin in 1050 cancer patients with symptomatic
VTE. Major bleeding occurred in 36 patients
(6.9%) in the edoxaban group and in 21 patients
(4.0%) in the dalteparin group. Recurrent venous
thromboembolism occurred in 41 patients (7.9%)
in the edoxaban group and in 59 patients (11.3%)
in the dalteparin group (difference in risk, —3.4
percentage points; 95% CI, —7.0 to 0.2) [18].
No subgroup analysis regarding brain metasta-
ses has been published so far. Even as BM are
listed among the exclusion criteria of the ongo-
ing Caravaggio study observing the efficacy of
preventing recurrent venous thromboembolism
in nearly 1200 cancer patients, as compared to
dalteparin, some data on the safety of apixaban
in BM patients will be recorded in this trial [19].
To sum up, preventing and treating thrombo-
embolic events in patients with brain metastases
is a moving field that is becoming increasingly
important and frequent as the survival duration
of cancer patients increases. As the processes of
the development of metastases and of clot for-
mation are closely linked, research in both fields
may open new therapeutic opportunities regard-
ing prevention of metastases and of thrombo-
embolism. Meanwhile, careful interdisciplinary
analysis of the potential benefits and risks of indi-
vidualized patients may help to find appropriate
management available for clinical problems.
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12.1 Introduction

Brain metastases are the most frequent brain
tumors in adults [1] and represent about 25% of
brain masses. Among patients with metastatic
cancer, 40% will present with brain metastases
[2]. These lesions are less frequently symptom-
atic than expected: only 19% of patients with
newly diagnosed brain metastases have neuro-
logic symptoms [3] whereas these lesions dra-
matically change patients’ prognosis. We will see
in this chapter that imaging is central for patients’
care.
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Intracranial Metastases:
Radiological Presentations

12.2

12.2.1 Parenchymal Metastases

General Presentation:
Metastases Detection

Brain metastases detection is a major chal-
lenge in the management of patients with can-
cer. Computed tomography (CT) and magnetic
resonance imaging (MRI) are the two radio-
logical modalities widely used in this context;
their sensitivities for metastases detection are
increased by the injection of a contrast agent
[4, 5], which is iodine-based for CT and gad-
olinium-based for MRI. The underlying physi-
ological explanation of such an increased
sensitivity in brain metastases detection with
contrast-enhanced imaging is based on blood-
brain barrier (BBB) features. In the brain, CT
and MRI contrast media do not cross the nor-
mal BBB [6], unlike in the other organs where
they can leak into the interstitial space through
the endothelial fenestrations. Consequently,
the disruption of the BBB created by metasta-
ses allows contrast media to leak into the brain
parenchyma leading to a visible enhancement
on imaging [6]. It is important to note here that
brain lesion enhancement after contrast media
injection is mostly due to BBB disruption, but
is also partially generated by the intravascular
fraction of the medium [6].
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MRI has better performance in metastases
detection compared to CT [7]. MRI is there-
fore preferred, at least for initial patient evalu-
ation and focused treatment planning, but also
during the follow-up. The usual presentation
of intracerebral metastases on MRI is a round-
shaped lesion, iso- to hypointense to normal
brain on T1-weighted images and variable in
intensity on T2-weighted images [8]. Metastases
of melanoma are commonly hyperintense on
T1-weighted images, due to the presence of mel-
anin and/or recent hemorrhage, with sometimes
poor or no enhancement [9, 10]. Vasogenic edema
is very often found around the metastatic lesions
and is highlighted by T2-weighted images with-
out or with fluid-attenuated inversion recovery
(FLAIR) in the form of a more or less extended
hyperintensity involving the white matter but
sparing the cortical ribbon and the basal ganglia.
Metastases, even the small ones, are often sur-
rounded by a relatively large region of edema.
Brain metastases are preferentially located in
particular areas of the brain, namely the grey/
white matter junction, distal vascular fields, and
specifically “watershed areas” [11-13]. This can
be explained by the fact that tumor emboli tend
to end up and proliferate in the regions where
vascular caliber is at its maximum reduction
(and inferior to the size of the neoplastic emboli)
[13]. Posterior fossa involvement is variable
depending on the primary tumor, for example,
metastases from gastrointestinal tumors tend
to be present in this area more frequently than
metastases from lung cancer [11].

Diffusion-weighted imaging (DWI) is an
MRI technique sensitive to motion of extracel-
lular water molecules [14]. Apparent diffusion
coefficient (ADC) is the parameter quantifying
this motion. It decreases when the diffusion of
extracellular water molecules is restricted, for
example by an excess of the number of cells in
the voxel, corresponding to hypercellularity. The
correlation between hypercellularity and low
ADC values has been well established in brain
metastases [15], especially in small-cell carci-
nomas. However, DWI signal can be very vari-
able according to primary cancer and various
treatments.

As mentioned in the introduction of this sec-
tion, Tl-weighted imaging after gadolinium-
based contrast agent (GBCA) injection
increases MRI sensitivity to detect brain metas-
tases. Their size can vary from millimetric
punctiform lesions to much bigger tumors with
mass effect and herniation. Intracerebral metas-
tases tend to have a peripheral enhancement
with central necrosis (ring-enhancing lesion) as
soon as their size is over a few millimeters, but
their enhancement can be uniform or patchy. A
major question to decide on the patient’s treat-
ment is the number of metastases, regardless of
their size. Several therapeutic options are avail-
able, by themselves or combined, namely surgi-
cal resection, whole brain or focused radiation
therapy, and systemic treatment. Their feasi-
bility depends on how many lesions need to
be treated and the size of the lesions. Optimal
sensitivity of MRI is thus of great clinical rele-
vance, and this is dependent on numerous tech-
nical parameters.

Increased strength of the magnetic field of
the MRI scanner is an important parameter to
improve the conspicuity of small lesions. In every
day clinical practice, there is evidence that brain
metastases are more visible at 3.0 T compared to
1.5 T thanks to an increased signal to noise ratio
(SNR) [16, 17]. Studies have also compared 7 T
to 3 T MRI scanners, demonstrating the better
sensitivity of 7 T devices even with lower doses
of GBCA [18]. 7 T imagers are, to date, used for
research and are not yet rolled out.

The choice of optimized MRI sequences after
GBCA injection is another way to improve the
accuracy of brain metastases detection. It has
been shown that 3D isotropic sequences are usu-
ally acquired with a slice sickness between 1 and
2 mm and no interslice gap outperforms 2D spin
echo (SE) acquisitions [19] typically presenting
a greater slice thickness and interslice gap inflat-
ing the risk of partial volume effect and the risk
of missing a small metastasis (<5 mm) because
of the gap and/or partial volume effects. Among
3D Tl1-weighted sequences, three-dimensional
magnetization-prepared rapid gradient-echo
(MP-RAGE) is widely used and offers a good
spatial resolution, with well-defined signal dif-
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Fig. 12.1 Schematic overview of the reasoning when faced with a single enhancing brain lesion in MRI

ference between grey and white matter, making
this sequence very useful for anatomical stud-
ies [20]. However, this sequence is less sensi-
tive for detecting small metastases compared
to three-dimensional turbo spin-echo imaging
with variable flip angle echo train (SPACE) [21]
(Fig. 12.1a, b). This latter sequence outperforms
gradient-echo (GE) 3D acquisitions, because
GE sequences have short repetition time, result-
ing in a saturation effect [22] and the relative
white matter hyperintensity decreasing the
contrast between normal tissues and enhanced
lesions [20]. This is a good example, especially
for non-radiologist physicians, to be warned
that “beautiful” images are not always the most
useful.

Delayed acquisitions (15 min after GBCA
injection) are deemed to improve metastases
detection [23] in particular for lesions smaller
than 5 millimeters in diameter [24], as are
increasing GBCA doses both at 1.5 T [25] and
3 T [26]. Various studies have compared the dif-
ferent GBCAs. They present significant differ-
ences in terms of metastases detection sensitivity
because of different T1 relaxivity, as summarized
by Anzalone et al. [27]. Other parameters such as
chemical structure must also be taken in account,
especially to maximize patient safety. Indeed,
the risks of nephrogenic systemic fibrosis and

gadolinium deposition in the brain are lower with
macrocyclic GBCA compared to those with lin-
ear structure [28].

To sum up, metastases’ conspicuity on MRI
may be sensitized using higher field strength
MRI scanners, 3D T1-weighted sequences (pref-
erably turbo spin-echo) and, if needed, delayed
acquisitions, particularly in cases in which the
exact number of lesions, regardless of their
size, must be known (for example, when SRS is
considered).

Another interesting sequence is susceptibility-
weighted imaging (SWI) which can help to detect
hemorrhagic lesions [29].

Even if CT is less sensitive than MRI for
detection of brain lesions, this imaging modal-
ity remains very useful in several cases, such
as emergencies requiring a quick intervention:
acute or subacute brain herniation in case of
hematoma or rapid progression and hydrocepha-
lus. CT is also essential for patients with MRI
contraindications. Finally, it can be very useful to
analyze bony involvement or changes secondary
to intracranial lesions (e.g., meningioma, dys-
embryoplastic neuroepithelial tumor (DNET),
dural metastases). However, renal failure and
proven allergy to iodinated contrast medium are
possible limitations to iodine injection in such
indications.
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12.2.1.2 Characterization of Brain
Masses: Metastases’ Specific
Features
Due to the brain’s highly specific functions and
the risk of impairing them during intracranial
invasive procedures, cerebral lesion character-
ization must be attempted as well as possible by
noninvasive techniques such as imaging and spe-
cifically MRI.

As mentioned in the previous section, enhance-
ment of a lesion in the brain is simply due to BBB
disruption. This finding is highly nonspecific.
Various cerebral lesions may be enhanced after
GBCA injection and they are classically divided
into two types of enhancement: solid or ring-
shaped enhancement with an unenhanced central
portion [8], and brain metastases can belong to

Fig. 12.2 Importance of
the selection of MRI
sequences. Comparison of
the sensitivity of 3D T1
gradient-echo weighted
images (3DT1-GE) (a) and
3D T1 turbo spin-echo
weighted images (3DT1-
TSE) (b) both after
gadolinium-based contrast
agent (GBCA) injection
for detecting brain
metastases. A punctiforme
metastatic lesion is
visualized on image b
(white arrow) but is not on
image a. Interest of
T2-weighted FLAIR
images after GBCA
injection (¢) compared to
3DTI1-GE (d) to detect
leptomeningeal metastases.
A leptomeningeal
enhancement is visualized
on image ¢ (white arrows)
but is not on image d

both categories. They are often multiple but single
lesions occur in 15-50 % of cases according to
different studies [11, 30]. The most frequent dif-
ferential diagnoses for solidly enhancing lesions
are lymphoma, sarcoidosis, vasculitis, demyelin-
ating lesions, cerebral toxoplasmosis, and other
less frequent diagnoses like fungal abscesses,
while with a ring-shaped enhancement pattern
the differential diagnoses are high-grade primary
brain tumor (typically glioblastoma), pyogenic
abscesses and demyelinating lesions.

One of the most challenging situations is
the characterization of a single ring-enhanced
cerebral lesion. By order of frequency, such
lesions are high-grade gliomas (40%), metasta-
ses (30%), abscesses (8%), and multiple scle-
rosis (6%) [30]. Figure 12.2 provides a brief
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schematic overview of the reasoning when fac-
ing a single enhancing brain lesion. The first
step should be ruling out an abscess, which is
a severe, rapidly progressive lesion requiring
urgent neurosurgical intervention and specific
treatment. DWI is a very helpful sequence to
differentiate pyogenic abscesses from other
lesions. The ADC map shows restricted diffu-
sion in the non-enhancing central portion of
the lesion corresponding to pus [31], which is
generally not seen in metastases or high-grade
gliomas. Among other features, abscesses have
increased fractional anisotropy (FA) of the
enhancing ring and lower FA and higher ADC
of the surrounding edema compared to glioblas-
toma and metastases [32]. FA is a parameter
derived from a particular DWI technique called
diffusion tensor imaging (DTI) sensitive to the
highly anisotropic diffusion of water molecules
in the brain’s white matter tract orientation. On
T2-weighted imaging, 90% of abscesses pres-
ent with a hypointense ring around the ring-
enhanced portion [30, 31]. This enhanced wall
is usually thicker on the outer part of the lesion
(close to the cortex), probably because this side
is more oxygenated, and thinner on the deepest
part (close to the ventricles) which can lead to
the pyocephalus secondary to the rupture of the
abscess into the ventricular system [31]. Another
very interesting tool to explore brain lesions is
perfusion imaging. There are three techniques
to explore brain perfusion: dynamic susceptibil-
ity contrast (DSC), dynamic contrast-enhanced
(DCE), and arterial spin labeling (ASL). DSC
is based on T2x-weighted acquisitions repeated
for approximately 2 min while the patient is
receiving an intravenously administered bolus
of GBCA. When in-vessels gadolinium passes
through the brain, there is a decrease of the sig-
nal in T2x-weighted images proportional to the
quantity of GBCA (called T2xeffect). The anal-
ysis of this signal drop gives the opportunity to
estimate several metrics including relative cere-
bral blood volume (rCBV) which approximates
the proportion of a defined volume of brain tis-
sue occupied by blood thus by vessels. rTCBV
is expressed in mL/100g. This technique comes
with the limitations of T2#-weighted imaging

mainly artifacts secondary to hemosiderin, air,
bone proximity and metallic devices, making
the exploration of the posterior fossa, hemor-
rhagic lesions or post-surgical assessment chal-
lenging. DCE is based on T1-weighted imaging
and on the increased signal when gadolinium
passes through the tissues. Signal changes are
due to intravascular and extravascular GBCA,
allowing to evaluate the leakage of the contrast
medium. Ktrans is a commonly used parameter
reflecting a combination of CBF and the leaki-
ness of blood vessels. Finally, ASL is a tech-
nique based on the labeling of the inflowing
blood as an endogenous contrast agent. There
is no need of GBCA injection. DCE and ASL
(if used with a spin echo based read-out) pres-
ent the great advantage of being less sensitive
to susceptibility artifacts but don’t provide
CBYV. Generally, an rCBV ratio is used, which
is the rCBV relative to an internal control (often
a zone of normal white matter). To differenti-
ate abscess from a neoplastic lesion, perfusion
imaging is found to be useful. Floriano et al.
found that rCBV of the solid portion of the
lesion (enhancing portion) is higher in tumors
(metastases or high-grade primary brain lesion)
compare to infectious lesions. A cutoff value of
1.3 was found to provide a sensitivity of 97.8%
and a specificity of 92.6% to differentiate infec-
tious lesions from neoplastic lesions (primary
and metastatic combined) [33].

Magnetic resonance spectroscopy (MRS) is an
MRI technique providing information about the
metabolite profile of a predefined volume of the
brain. Resonance peaks of each metabolites are
usually constant in the brain and are expressed in
parts per million (ppm). Pyogenic abscesses usu-
ally present a peak of amino acids (valine, leu-
cine, and isoleucine which resonance peak is at
0.9 ppm) [34].

After ruling out brain abscess, we should
consider multiple sclerosis (MS) as a potential
differential diagnosis and especially tumefac-
tive demyelinating disease and Balo’s concentric
sclerosis. Demyelinating active lesions classi-
cally present as an open ring shaped enhance-
ment [35] and no surrounding edema [31]. The
enhancement of Balo’s concentric sclerosis is
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often concentric, ADC of enhanced portions of
the lesion tends to be low [36, 37] and there is
little mass effect compared to a neoplastic lesion
with the same size (except lymphoma). MRS
shows a reduced concentration of N-acetyl-
aspartate (NAA) and an increased peak of
Choline (Cho) [37].

The main challenge is now to differentiate
brain metastasis from high-grade glioma (typi-
cally glioblastoma). Neither morphological
aspect nor DWI [38] helps to distinguish these
entities. A recent meta-analysis [39] has shown
that DWI, MRS, and perfusion imaging (alone
or combined) applied to the enhancing portions
of the lesions fail to differentiate brain metas-
tasis from glioblastoma. However, these MRI
techniques succeed in doing so when applied
to the non-enhancing peripheral portion of the
lesion, hyperintense in T2-weighted images,
corresponding to edema in brain metastases and
to malignant glial cell infiltrate in glioblastoma.
Perfusion imaging shows a higher rCBV in the
periphery of the lesion in glioblastoma com-
pared to brain metastases [40] (Fig. 12.2). There
are various cutoffs across studies but it appears
that peritumoral edema around brain metasta-
ses shows no significant change in its perfusion
compared to normal brain tissue, in contrast to
peripheral glioma tumor cell infiltrate which
present an increased rCBV. Cutoffs for rCBV
value to distinguish the two lesions are thus log-
ically around 1-1.1 [41, 42] with an area under
the ROC curve of 0.98 in the study of Bulakbasi
et al. [41]. The meta-analysis of Liang et al.
[40] found a sensitivity of perilesional rCBV of
82%, a specificity of 96%, and a diagnostic odds
ratio of 90. Another way to differentiate the two
types of tumor is MRS. Spectroscopic analysis
of both the central tissue portion of the lesion
and the unenhanced peripheral hyperintense sig-
nal on T2-weighted images of the tumor are use-
ful, with a better contribution of the latter. The
analysis of the central necrosis spectrum shows,
in both lesions, an unspecific profile of necrosis,
with a decreased peak of NAA (corresponding
to neuronal destruction) and increased peaks of

lipid and lactate [43], with a trend of a greater
peak of lipids in metastases [43]. MRS of the
peripheral non-enhancing portion of glioblas-
toma presents a profile of proliferative intrace-
rebral cells with neuronal destruction, while the
peripheral areas of brain metastases have a pro-
file similar to normal brain parenchyma. In the
study of Tsougos et al., the peritumoral regions
of glioblastoma present metabolic ratio values
for NAA/Cr, Cho/Cr, Cho/NAA, and Lip+Lac/
Cr of 1.46, 1.66, 1.28, and 0.68, respectively,
versus 1.91, 1.29, 0.69, and 0.62, respectively,
for metastases [42].

Integration of several MRI parameters or
machine-learning paradigms (also based on
multiple metrics) improves the ability of the
technique to differentiate glioblastoma and
brain metastases. For example, Bauer et al. [44]
reached an AUC of 0.98 integrating DTI param-
eters and rCBV in a small study, and Tsougos
et al. an AUC of 0.85 using rCBV and Cho/Cr
ratio in the peripheral areas of the tumors [42].

12.2.1.3 Determining Underlying
Primary Carcinoma

Between 10% and 15% of patients presenting
with brain metastases have no identified primary
lesion even after initial exhaustive examination
[45, 46]. In the absence of other ways to iden-
tify the primary disease, biopsies of the brain
lesions are usually performed. However, several
MRI parameters can help to identify the primary
cancer.

Brain repartition patterns of metastatic
lesions is a first parameter to help in the diag-
nostic process, as briefly mentioned in the first
section of this chapter. For example, metastases
of non-small cell lung carcinoma are more often
located in the parietal and occipital regions,
compared to breast carcinoma, which tends to
favor cerebellar areas [47]. There are also dif-
ferences in brain location between oncological
lesions originating from the same organ but with
different histology, as reported by Kyeong et al.
Metastases from triple-negative type breast can-
cer occur more often in the frontal lobe, limbic
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region, and parietal lobe, whereas lesions from
HER2-positive cancers occur less frequently
in the frontal lobe and subcortical region, and
luminal types are less frequently found in the
occipital lobe, subcortical region, and cerebel-
lum [48]. Metastases from triple-negative type
breast cancer also tend to be more cystic com-
pared to other subtypes of breast cancer [49].
Those data, even if statistically significant, have
no real clinical impact, as tissue analysis is still
required as the gold standard to base treatment
decisions on. MRS, SWI, and DWI have also
been tested alone but with, to date, a very lim-
ited clinical added value.

A potential solution in the future could be
the use of machine-learning algorithms. One of
these has recently shown significant classifica-
tion abilities with areas under the receiver oper-
ating characteristic curve ranging between 0.64
for non-small cell lung cancer and 0.82 for mela-
noma [50], far from being perfect, but still being
a potentially promising technique.

12.2.2 Meningeal Metastases
and Unusual Locations
(Pituitary Gland, Choroid
Plexus, Skull)

Metastases can also affect the meninges. Dural
metastases are an invasion by tumor cells of the
dura mater. This is an uncommon metastatic
extension, more frequent in breast and prostatic
cancer [51]. MRI is a useful technique to detect
these metastases but radiologic features of a
focal lesion are unspecific and pose the prob-
lem of the differential diagnosis with menin-
gioma. Neither morphologic aspects (included
dural tail sign) nor advanced MRI techniques
have proven clinically reliable to differentiate
dural metastases from meningioma [51]. 3D
T1-weighted sequences after GBCA injection
are the most sensitive acquisitions to detect
dural lesions. Lumbar puncture (LP) with CSF
analysis is recommended to detect malignant
cells. However, if no previous cerebral imag-

ing is available, and if biopsy is hazardous,
3 months’ imaging follow-up may be consid-
ered, with no growth of the lesion favoring the
diagnosis of meningioma.

Dural involvement can also be diffuse, with
most of the time thickening and enhancement of
the entire dura mater and nodular aspect. Patient’s
history is often sufficient to rule out classical
differential diagnosis as sarcoidosis, subdural
hematoma, or empyema. CSF hypotension must
also be eliminated as a differential diagnosis but
this does not present as the usual nodular aspect
of meningeal metastases.

5-8% of patients with solid tumors and
5-15% of patients with hematologic malignan-
cies will present with leptomeningeal metastases
[52]. This condition corresponds to a metastatic
involvement of the two deepest meningeal lay-
ers: the pia mater and arachnoid. It confers a
very poor prognosis with an average survival of
2-4 months [52]. Leptomeningeal metastases
spread via CSF, thus LP with cytological anal-
ysis of the CSF remains the gold standard for
their diagnosis. CSF cytology is positive in up to
90% of patients with suspected leptomeningeal
metastases after three high-volume LP with a
specificity superior to 95% [53]. MRI is recom-
mended to make the diagnosis of a leptomenin-
geal involvement, presenting as an enhancement
of subarachnoid space, usually visualized around
the pituitary stalk, cranial nerves, and in the inner
auditory canals, cerebral sulci or basal cisterns.
Conspicuity of leptomeningeal metastases is
optimal with 3D T1-weighted turbo spin echo
sequences, but post-contrast T2-weighted FLAIR
images have also a good sensitivity to detect these
[54-56] (Fig. 12.3c, d). Both acquisitions should
be performed when leptomeningeal metastases
are suspected.

Brain and meningeal metastases are by far the
most frequent locations of encephalic metastases,
but other unusual sites can be involved and must
be systematically checked, such as the pituitary
gland, choroid plexus, skull, and skull base. Note
that metastases can even occur in a pre-existent
brain lesion, most commonly meningioma. This
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Fig. 12.3 Distinguishing metastasis from high-grade
glioma with DSC perfusion MRI. Perfusion imaging for
distinguishing glioblastoma (top row: a—c) from metasta-
sis (bottom row: d—f). Post-contrast T1w (b, e) imaging
shows a ring-enhancing lesion in both patients, with peri-
focal hyperintensity on T2w-FLAIR (a, d). There is
increased rCBV (arrow) in the peritumour region (combi-

is known as a “tumor-within-tumor” or a “colli-
sion tumor.”

12.3 Treatment Planning

12.3.1 Stereotactic Radiosurgery
Planning and Prognosis
Markers for Oncologic
Response

As mentioned earlier in this chapter, imaging—
and specifically MRI—has become mandatory
for brain metastases treatment planning. First and
foremost, it is the best way to get the most exact

nation of tumor infiltration and vasogenic edema) of glio-
blastoma (c¢); rCBV is very low (arrows) in the peritumor
region (vasogenic edema) of metastasis (f). Figure from:
“CNS involvement in non-CNS tumours” in: Clinical
Neuroradiology. ESNR textbook. Published by Springer.
Editors: F. Barkhof, R. Jager, M. Thurnher, A. Rovira

number of brain metastases and evaluate the total
tumor volume. These elements are essential to
decide whether patients with metastatic brain
tumors should undergo SRS versus WBRT.
More than the overall number of metasta-
ses, the total tumor volume needing treatment
is a better predictor of outcome and radia-
tion necrosis: SRS alone could be considered
when total tumor volume is “low” (gener-
ally <7 mL, but up to 13 mL). However, other
patient-specific factors should be considered,
such as disease-specific GPA, tumor histology,
molecular status and radiosensitivity, status
of systemic disease, and systemic therapeutic
options [57]. SRS treatment is driven by the
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visible enhancing part of the lesions defined as
the gross tumor volume (GTV) receiving high
doses of radiation with limited exposition of the
healthy surrounding tissues. 3D MRI images of
the patient’s brain are merged with the radiation
therapy planning CT scan, allowing a precise
delineation of the lesions by radiation oncolo-
gists. Classically 3D T1-weighted images after
GBCA injection are used. A recent study sug-
gests that using DWI, and more specifically
ADC map, could offer a better accuracy in brain
metastases delineation, with a GTV including
peripheral non-enhancing portions of the lesion
[58]. Two pre-treatment parameters are predic-
tive of a better response to SRS: extensive brain
edema surrounding the lesions and high ADC
value within the lesion [59]. Spanberger et al.
showed in 2012 that extensive perifocal edema
of a single brain metastasis is associated with a
better response and correlate with higher over-
all survival [60]. Conversely, rCBV and MRS
profile do not seem to correlate with tumor
response [61, 62].

12.3.2 Surgical Planning

Similarly to SRS planning, surgery planning
needs a precise description of the lesion to
allow a complete removal, improving patient
survival with minimal damage to healthy tissue,
thus avoiding post-surgical neurological impair-
ment. Special attention should be paid to lesions
located in eloquent regions. They rather are
treated by SRS, but when this technique cannot
be used, surgical procedures sometimes need
preoperative functional imaging to provide cor-
tical function mapping and visualization of the
subcortical white matter tracts. These data are
very useful for surgeons during the procedure
and they have been well described for glioma
[63] but are also used for the surgery of metas-
tases [64]. Briefly, cortical functions’ locations
are mapped using blood oxygen level-depen-
dent (BOLD) functional MRI (fMRI) evaluat-
ing local cortical hemodynamic response to

particular tasks performed by the patient during
the image acquisition. The sequence is based
on echo-planar gradient echo imaging, with a
high susceptibility to the oxy-hemoglobin over
deoxy-hemoglobin concentration ratio varying
according to cortical specific activations. White
matter tracts are commonly visualized using
DTI. Both techniques are sensitive to magnetic
susceptibility artifacts limiting their utilization
around hemorrhagic lesions. Sensorimotor,
language, and visual networks are the most
explored functions before surgery because their
impairment is highly disabling.

12.4 Post-Treatment Monitoring
12.4.1 Response to Treatment

After surgery for brain metastases, complete
removal of the lesions should be assessed by
MRI because partial resection is associated
with recurrence. The visualization of remain-
ing pathologic tissue is required to adapt fur-
ther treatments. MRI should be performed early
(within the first 48 h after surgery) before the
appearance of reactive enhancement, which can
lead to potential misinterpretations [65, 66].
Note that such reactive enhancement can also be
seen within 24 h of surgery, but the incidence
increases with the time post-surgery and dou-
bles after 48 h.

After SRS, the expected evolution of radio-
sensitive lesions is an initial increase of edema
with blurred enhancement of the treated lesion,
followed by a progressive shrinking of the
lesion and decreased surrounding edema [8].
Focal abnormalities and enhancement may
never completely disappear even if there is
no sign of recurrence. However, about 30% of
treated lesions present a transient increase in
the volume of the enhancement that typically
begins at approximately 6 weeks after the treat-
ment, and which could last beyond 15 months,
with no evidence of progressive tumor [67].
This phenomenon is called pseudo-progres-
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sion when it occurs during the 6 months after
SRS. In the study of Patel et al. in 2011, includ-
ing 120 patients and 516 metastases treated by
SRS, although about 50% of patients had at
least one lesion presenting with an increased
size at some point during follow-up, only 8%
underwent a salvage surgery [67].

Early changes of perfusion metrics can help
to predict lesion response to SRS, but results are
controversial. Jakubovic et al. in 2014 reported
lower Ktrans and lower relative cerebral blood
flow (rCBF) one week after treatment, and higher
rCBF and rCBV at 1 month in association with
tumor response [68]. Conversely, Almeida-
Freitas also in 2014 and Essig et al. in 2003 found
that increase in Ktrans between 4 and 12 weeks
after SRS was associated with tumor progression
at a later stage [61, 69]. Several studies present
also controversial results on early ADC value
changes after SRS, with no clear clinical rel-
evance. Future multi-parametric studies should
bring more data.

Recently, one study showed that early changes
in the intra-extracellular water exchange rate
constant, measured by MRI 1 week after SRS,
highly correlated with long-term tumor response
and could predict the extent of tumor shrinkage at
1 month after SRS [70].

After whole brain radiotherapy (WBRT) for
brain metastases, the response is expected to be a
decrease in the size of the lesions with usually an
initial increase of surrounding edema.

As we can see, response assessment after
treatment of brain metastases is a real challenge
for neuro-radiologists. The Response Assessment
in Neuro-Oncology (RANO) Group has pro-
posed criteria to evaluate brain metastases after
treatment for cerebral metastases [71] and very
recently, in January 2019, revised criteria for lep-
tomeningeal metastases [72]. We simply want to
remind here that MRI is as good to detect new
lesions during follow up, as it is to assess the
tumor extension initially. For adequate response
assessment, it is important that the same imaging
protocol is used for each surveillance time point.

12.4.2 Radiation Necrosis
and Radiation-Induced
Changes

As described in the precedent section of this
chapter, increase in size of a brain metastasis
after SRS does not always indicate a recurrence.
Within the 6 months following the treatment,
pseudo-progression can occur. After 6 months
and usually within the 2 years after SRS, lesions
of radiation necrosis can also appear. These are
very difficult to distinguish from tumor recur-
rence based on morphological parameters alone.
The most useful MRI metric to differentiate radi-
ation necrosis from recurrence is rCBV. Indeed,
radiation necrosis, like all necrosis, tends to
present a rarefaction of blood vessels; mean-
while, metastasis recurrence is highly perfused.
The accuracy of the technique varies according
to studies, as does the cutoff value. Sensitivity of
rCBYV to differentiate recurrence from radiation
necrosis is between 70% and 100% and specific-
ity between 90% and 95% [73, 74]. rtCBV cut-
offs vary in the studies between 1.52 and 2.1.
In 2009, Barajas et al. used the signal recovery
as a metric, yielding a sensitivity of 95% and
a specificity of 100% [75]. The time course
of contrast enhancement is also an interesting
parameter. Radiation necrosis presents a pro-
gressive enhancement with late wash out, con-
trary to metastasis’ recurrence, having an early
wash out. A 3D T1-weighted delayed acquisi-
tion 75 min after GBCA injection shows that
recurrences present a wash out with decreased
signal, contrary to radiation necrosis, in which
GBCA accumulates, leading to an increased sig-
nal [76] (Fig. 12.4).

Finally, a recent preliminary study on 16
patients by Mehrabian et al. suggests that two
metrics of chemical exchange saturation transfer
technique could help to differentiate radiation
necrosis from tumor recurrence [77].

Late changes can also be observed after
WBRT as leukoencephalopathy, atrophy, and
cavernous hemangioma.
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Fig. 12.4 Differences in MRI between radiation necrosis
and recurrence. Radiation necrosis is characterized by a ring-
shaped enhancement on 3D TI gradient-echo weighted
images (3DT1-GE) (a) increased on delayed images acquired
75 min after gadolinium based contrast agent (GBCA) injec-
tion (b) with low relative cerebral blood volume (rCBV) (c).
Image d represents the merging of images a and ¢ to check the
co-location of the enhancement and the low rCBV. Recurrence

has variable presentation. Here shown is a ring-shaped
enhancement on 3DT1-GE (e). This enhanced lesion presents
a vast majority of low rCBV (g) and delayed increased
enhancement (f) corresponding to radiation necrosis but there
is a parietal nodule (white arrows) presenting high rtCBV and
a wash-out on the delayed 3DT1-GE corresponding to a
metastasis’ recurrence. Image (h) represents the merging of
images (e) and (g)

12.5 Conclusion

Brain metastases management is a central
question for neuro-oncologists and neuro-
radiologists. Imaging is essential to detect,
treat, and follow patients with this condition.
Radiological techniques improve rapidly and
other non-invasive techniques such as metabolic
imaging become available for patient care, pro-
viding useful information. These techniques are
discussed in the following chapter.
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13.1 Introduction

Contrast-enhanced magnetic resonance imag-
ing (MRI) is the method of choice for evaluat-
ing patients with metastatic brain tumors. This
technique has widespread availability and excel-
lent spatial resolution. However, the specific-
ity of conventional MRI is low, resulting in
important diagnostic challenges [1-3]. These
challenges include discriminating brain metas-
tases (BM) from other primary brain tumors
(e.g., gliomas and primary CNS lymphomas)
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as well as abscesses. Furthermore, MRI sig-
nal changes (e.g., newly diagnosed contrast-
enhancing lesions and increase of the contrast
enhancement extent or signal changes on T2 or
FLAIR sequences) may be related to inflam-
mation, acute infection, demyelination, isch-
emia, or treatment-related effects (e.g., reactive
changes after surgery, radiotherapy, and systemic
drug treatment) and are difficult to distinguish
from true BM relapse. Additionally, these reac-
tive treatment-related effects are of considerable
clinical importance because they may result in an
erroneous premature treatment termination with
potentially negative influence on survival [4, 5].
Furthermore, the efficacy of a subsequent therapy
can be overestimated.

In patients with previously irradiated BM, the
diagnosis of local recurrence by standard MRI
may be particularly challenging due to radiation-
induced treatment effects that range from revers-
ible inflammation to radionecrosis. Furthermore,
diagnostic challenges associated with the assess-
ment of MRI changes in response to immuno-
therapy may also occur, e.g., delayed response
to therapy or therapy-induced inflammation that
mimic progressive disease [6, 7]. Due to the fact
that treatment management decisions and prog-
nosis may vary based on the underlying process,
it is crucial to distinguish true BM recurrence
from treatment-related changes [3].

Another important aspect in the management
of patients with BM is the assessment of treat-
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ment response. The ability to predict response to
treatment may enable the treatment termination
in non-responsive patients, prevention of addi-
tional toxicity, and earlier initiation of an alterna-
tive therapy. Despite promising efforts in defining
response assessment criteria for BM [5, 8], these
criteria may not fully consider the limitations of
anatomical MRI. In the light of newer systemic
treatment options such as targeted therapy and
immunotherapy, tools which provide additional
information on tumor proliferation and tumor
metabolism (e.g., amino acid transport via amino
acid transporters of the L-type (LAT)) become
increasingly important.

Positron emission tomography (PET) uses a
variety of radioactive agents that target different
metabolic and molecular processes, and can pro-
vide relevant additional information that enables
improved diagnostics, especially in clinically
equivocal situations. Besides other tracers, par-
ticularly the use of PET with radiolabeled amino
acids has shown to be an important diagnostic
tool [1, 9-11]. Moreover, a recent study suggests
that BM strongly overexpress LAT transporters
and are therefore an interesting target for amino
acid PET imaging [12].

In this chapter, we discuss metabolic imag-
ing techniques such as PET which image glucose
metabolism, amino acid transport, and various
other targets for the management of patients with
BM.

13.2 Tracers for Pet Imaging
in Patients with Brain

Metastasis

Several tracers addressing different molecular
targets or pathophysiological pathways in BM
are available for PET imaging and are summa-
rized in the following paragraphs.

13.2.1 "®F-2-Fluoro-2-Deoxy-p-
Glucose

BE-2-fluoro-2-deoxy-D-glucose (FDG) PET has
evolved over the last several decades into a key

clinical PET modality in detecting both intra- and
particularly extracranial tumors and represents
the most widely used tracer in oncological PET
imaging [13]. With a half-life of the '3F isotope of
110 min, the tracer does not need in-house produc-
tion, which facilitates supply. Therefore, FDG is
available at all PET centers independently of the
presence of an on-site cyclotron. Increased FDG
uptake is common in highly proliferating cells
because tumor cells have increased the expres-
sion of glucose transporters and hexokinase,
the enzyme that converts glucose (and FDG) to
a phosphorylated product. Due to an increased
glycolysis in neoplastic tissue, uptake of FDG
is generally higher than in non-neoplastic tissue.
However, the high and regionally variable FDG
uptake in normal brain parenchyma often makes
the delineation of tumors in the brain difficult
[9]. Another problem of FDG is the high tracer
uptake in inflammatory tissue [1].

13.2.2 Amino Acid PET Tracers

Radiolabeled amino acids have been used in neu-
rooncological practice since 1983 [14]. The most
experience with this class of PET tracers for brain
tumor imaging has been gained with '"C-methyl-
L-methionine (MET). This tracer is comprised
of the essential amino acid methionine labeled
with the positron-emitting isotope carbon-11,
which has a half-life of 20 min [13, 15]. The
relatively short half-life limits the use of MET
to PET centers with an on-site cyclotron unit.
More recently, amino acid tracers labeled with
positron emitters that have longer half-lives have
been synthesized. This has resulted in improved
distribution, efficiency, and cost-effectiveness
[16]. For example, O-(2-['®F]fluoroethyl)-L-ty-
rosine (FET) was developed in the late 1990s
and is a "8F-labeled amino acid tracer (half-life,
110 min) with logistic advantages for clinical
practice compared to MET [17, 18]. The use of
FET has grown rapidly in recent years, especially
in Western Europe [19]. Clinical results in brain
tumors with PET using MET and FET appear to
be comparable [20-22]. Switzerland was the first
country to approve FET PET as a medical drug in
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2014 [23]. Another '8F-labeled amino acid ana-
log is 3,4-dihydroxy-6-["*F]-fluoro-L-phenylala-
nine (FDOPA), which was initially developed to
measure dopamine synthesis in the basal ganglia
and has also increasingly been used as a tracer
for brain tumor imaging [24]. FDOPA is cur-
rently approved for the characterization of pre-
synaptic dopaminergic activity in patients with
Parkinsonian syndromes in the United States and
Western Europe.

The increased uptake of MET, FET, and
FDOPA in gliomas and BM reflects increased
transport via the amino acid transport system L
for large neutral amino acids, namely, the sub-
types LAT1 and LAT2 [12, 25-27]. A feature
that distinguishes FET from MET and FDOPA
is the high metabolic stability of FET. After
transport by L-type amino acid transporters into
tumor tissue, both MET and FDOPA show met-
abolic degradation, incorporation into protein,
or participation in other metabolic pathways
[28], whereas FET is not metabolized [20].
Furthermore, overexpression of LAT1 closely
correlates with malignant phenotype and the
proliferation of gliomas [29].

In addition to static images, dynamic FET
PET data can be acquired, allowing for the
ability to characterize the temporal pattern of
FET uptake by deriving a time-activity curve
(TAC). It has been demonstrated that param-
eters derived from TACs (e.g., TAC configura-
tion, time-to-peak, slope) contain additional
biological information, which may be helpful
especially for the differentiation of BM recur-
rence from radiation-induced changes [30-32].
This has also been described for glioma patients
[33, 34] and, moreover, for glioma grading
[35, 36] as well as for the prognostication of
untreated gliomas [37, 38]. Up to now, this phe-
nomenon has not been observed by dynamic
MET or FDOPA PET [39, 40] and it remains to
be determined whether these amino acid tracers
can characterize tumors in a similar manner to
that of dynamic FET PET imaging.

In some centers, the amino acid PET tracer
a-'C-methyl-L-tryptophan (AMT) is increas-
ingly being used for brain tumor imaging [41].
However, despite promising results in terms of

differential diagnosis in patients with newly diag-
nosed brain tumors including BM, the number of
studies is currently low [42].

13.2.3 Other PET Tracers

In a very limited number of patients with BM,
non-FDG and non-amino acid PET tracers
have been used. In particular, tracers such as
8F-sodium fluoride (*®F-NaF), 3’-deoxy-3'-'*F-
fluorothymidine (**F-FLT), $?Rubidium, as well
as PET tracers targeting the endothelial prostate-
specific membrane antigen (PSMA) have pre-
dominantly been used for BM visualization and
the assessment of treatment response [43—49].
Choline derivates (e.g., '8F-choline), which are in
use for the diagnosis of recurrent prostate cancer,
have also been reported to detect BM [50, 51].
Animal studies have indicated that PET imaging
using agents targeting the mitochondrial trans-
locator protein (TSPO) which is upregulated on
activated microglia as well as malignant tumor
cells may be helpful to detect BM at an early
stage of development [52]. However, despite
promising results, experiences with these tracers
are mainly based on single cases in patients with
BM and their usefulness has to be confirmed in
larger studies.

13.3 Clinical Applications for Pet
Imaging in Patients
with Brain Metastasis
13.3.1 Identification of Newly

Diagnosed and Untreated
Brain Metastasis Using FDG
and Amino Acid PET

Although conventional MRI is the method of
choice for the detection of BM, some centers
include the skull for whole-body FDG PET/CT
staging examination of cancer patients, e.g., in
patients with lung cancer. However, the value
of this procedure is highly questionable consid-
ering the low positive yield because of the low
incidence of new BM in asymptomatic patients
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together with the limited sensitivity of FDG
PET in brain tumors due to physiologically
high levels of glucose metabolism in healthy
brain parenchyma resulting in a poor tumor-to-
background contrast [53, 54]. Furthermore, a
prospective study has shown that in comparison
to contrast-enhanced standard MRI for cerebral
staging in newly diagnosed lung cancer, a con-
siderable number of patients are falsely diag-
nosed as being free from BM using FDG PET
[55]. In that study, MRI detected an overall of
100 BM, whereas FDG PET detected only 17
BM resulting in a poor sensitivity for this indica-
tion (27%). Accordingly, a recent meta-analysis
including more than 900 patients has suggested
that contrast-enhanced MRI had higher cumula-
tive sensitivity (77%) than FDG PET (21%) for
the diagnosis of BM in lung cancer [56].

The increased expression of amino acid trans-
porters observed in BM compared to healthy
brain tissue renders radiolabeled amino acids
suitable for PET imaging with high tumor-to-
background contrast [12]. In contrast to FDG
PET, the sensitivity of amino acid PET using FET
to depict larger (>1 cm diameter) BM seems to
be clearly higher (approximately 90% were FET
positive with a maximum tumor/brain ratio >1.6)
[57] but may be limited in lesions with a small
diameter below 1 cm. This has been observed in a
pilot study in patients with newly diagnosed and
untreated BM which correlated FET uptake char-
acteristics with MRI parameters. In that study,
the sensitivity of standard MRI for the detection
of BM was 100% [57]. Currently, the most sen-
sitive and commonly used imaging modality for
the detection of brain metastases remains thin-
slice contrast-enhanced MRI.

13.3.2 Differential Diagnosis
of Newly Diagnosed
and Untreated Brain
Metastasis Using FDG
and Amino Acid PET

Regarding the differentiation between newly
diagnosed BM and glioblastoma, it has been
demonstrated that there are no significantly dif-

ferent FDG standardized uptake values (SUV)
between these entities [58, 59], whereas the
SUVs of the radiolabeled amino acid AMT were
significantly lower in BM than in glioblastomas
[42]. Nevertheless, some studies suggest that the
metabolic activity as assessed by FDG PET is
higher in primary CNS lymphomas than in BM
[58, 59].

The level of expression of LAT in cancer cells
was reported to correlate with aggressive tumor
features and worse prognosis [60, 61] and to
be higher in recurrent compared to newly diag-
nosed BM [12]. However, there are no studies as
yet investigating the prognostic value of amino
acid PET in patients with BM. Furthermore, the
uptake intensity as well as LAT expression levels
are also highly variable, even in metastases of the
same primary tumor type [60, 61]. The origin of
the primary tumor can therefore not be based on
amino acid PET findings [57].

In contrast to glioma, the size and volume
of a BM is usually well delineated on contrast-
enhanced MRI. Thus, amino acid PET does not
add valuable information for biopsy or treatment
planning as that reported for newly diagnosed
gliomas [62, 63].

13.3.3 Differentiation of Radiation-
Induced Changes from Brain
Metastasis Recurrence Using
FDG and Amino Acid PET

Oncologists of all subspecialities are often con-
fronted with the clinical problem of differenti-
ating tumor recurrence from treatment-related
changes following radiation therapy, and in
particular after high-dose focal radiation (i.e.,
radiosurgery or fractionated stereotactic radia-
tion therapy). Currently, conventional MRI does
not reliably differentiate local brain tumor recur-
rence or progression from radiation-induced
changes including radiation necrosis. In glio-
mas, radiation necrosis usually manifests within
6—12 months after standard fractionated radio-
therapy and occurs in approximately 5-25% of
all treated patients [64, 65]. For patients with BM
treated by radiosurgery, a similar rate of radiation
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necrosis (approximately 25%) has been reported
[66], although depending on the irradiated brain
volume receiving a specific radiation dose, the
risk of radiation necrosis may be as high as 50%
[66]. It should be noted that this wide variation
in reported incidence is likely a consequence of
varying definitions of treatment-related changes
in retrospective studies, including whether
the patient is symptomatic or not, and that
treatment-related changes represent a spectrum
of pathophysiologic changes that may be purely
radiographic without associated symptoms, to
symptomatic, refractory to corticosteroids, and
requiring neurosurgical or other intervention.

In recent years, FDG PET has been studied
as an additional neuroimaging tool to solve this
relevant clinical problem (Table 13.1). However,
in these studies the number of included patients
was low, there were significant inconsistencies in
terms of the FDG PET method applied as well
as the thresholds used for the differentiation of
radiation-induced changes from BM recurrence,
and the diagnostic performance varied consider-
ably (range of sensitivity, 40-95%; range of spec-
ificity, 50-100%) (Table 13.1). Dual phase FDG
PET seems to be superior compared to a standard
(single phase) scan [67]. However, a major limi-
tation of that approach is the long time interval

Table 13.1 Overview of studies regarding the differentiation of radiation-induced changes from brain metastasis

recurrence using FDG PET
Chao et al. | Belohlavek | Chernov Hatzoglou | Tomura
(2001) et al. (2003) | et al. Horky et al. |Laietal. |etal. (2016)| etal. (2017)
[92] [93] (2005) [76]| (2011) [67] | (2015) [69]] [70] [68]
n Recurrent metastases | 18 8 4 16 6 11 10
n Radiation-induced 18 49 5 11 8 15 8
changes
Neuropathological 36% 5% 56% n.a 100% 23% 56%
confirmation of
diagnosis
FDG PET method Static Static scan | n.a. Dual phase | Static Static scan | Static
scan PET; scan scan
median
time
between
early and
late scan,
3.8h
Additional imaging None None MRS None ASL DCE PWI | DWI,
method MET PET
Sensitivity 65% 75% 50% 95% 83% 82% 40%
Specificity 80% 94% 80% 100% 75% 80% 50%
Accuracy n.a. 91% 67% 96% 79% n.a. n.a.
Threshold Visually | Visually Visually | Change of |3.0 1.4 0.97
L/GM (SUV,i) | (TBRuw) | (TBRyw)
ratios
>0.19 over
time
Performance of FDG n.a. n.a Inferior n.a. Inferior Inferior Inferior
PET compared to
another imaging
method(s)

ASL Arterial spin labeling, DCE PWI Dynamic contrast-enhanced perfusion-weighted imaging, DWI Diffusion-
weighted imaging, FDG '"SF-2-fluoro-2-deoxy-p-glucose, L/GM Lesion to gray matter ratio, MET ''C-methyl-L-
methionine, n.a. Not available, MRS Single- and multi-voxel proton MR spectroscopy, TBR,,,. Maximum standardized
uptake value of the lesion divided by the mean standardized uptake value of the reference region, SUV,,,, Maximum

standardized uptake value.
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between PET scans (median time between FDG
PET scans, 3.8 h; range, 2-5.7 h) [67] hamper-
ing applicability in clinical routine. Furthermore,
compared to various other imaging methods such
as MET PET [68] and MRI-based arterial spin
labeling (ASL) [69] as well as perfusion- and dif-
fusion-weighted imaging [68, 70], the diagnostic
performance of FDG PET seems to be inferior
(Table 13.1).

Amino acid PET has also been investigated
as an imaging modality to address this relevant
problem in clinical practice (Table 13.2). For
instance, MET PET may differentiate recurrent
BM from radiation-induced changes using a
simple semiquantitative region-of-interest (ROI)
analysis for the calculation of tumor/brain ratios.
MET PET has demonstrated a sensitivity and
specificity of 70-80% in differentiating treatment
effect from recurrent tumor [71-73]. FDOPA
PET has also been shown to differentiate recur-
rent or progressive BM from radiation-induced
changes with high sensitivity (81%) and speci-
ficity (84%) [74]. Another study has reported an
accuracy of FDOPA PET of 91% for differentiat-
ing radiation-induced changes from progressive
disease in patients with BM after stereotactic
radiosurgery, out-performing MRI-derived per-
fusion metrics 91-76% [75]. Similar diagnostic
accuracy has also been reported for FET PET;
using the tumor/brain ratios and dynamic param-
eters, FET PET differentiated locally recur-
rent BM from radiation-induced changes with a
sensitivity of 95% and specificity of 91% [30]
(Fig. 13.1). Correspondingly, dynamic FET PET
studies in a larger number of patients demon-
strated a sensitivity and specificity of 80-90%
[31, 32]. Furthermore, compared to FDG PET,
MR spectroscopy and MRI-based perfusion- and
diffusion-weighted imaging, the diagnostic per-
formance of amino acid PET seems to be supe-
rior [68, 75, 76] (Table 13.2). Across all available
amino acid PET studies for this indication, the
histological confirmation of diagnosis (i.e., BM
recurrence or radiation injury) ranges from 11%
to 56% (Table 13.2). Moreover, in Europe the
cost efficiency of amino acid PET has been dem-
onstrated for the differentiation between recur-
rent BM and radiation-induced changes [77].

From the methodological point of view, recent
literature highlights the value of PET radiomics
in assessing the tumor phenotype using non-
invasive imaging [78]. Radiomics enables the
high-throughput extraction of a large number
of quantitative features usually from already
obtained MR and PET imaging, potentially pro-
viding a comprehensive quantification of the
tumor phenotype at comparatively low cost [79,
80]. One concept of radiomics is the use of tex-
tural feature analysis as a tool that objectively
and quantitatively describes intrinsic properties
of cancer, particularly heterogeneity. Using FET
PET, it was demonstrated that radiomic textural
feature analysis provided non-invasive quan-
titative information useful for the distinction
between treatment-related changes and disease
progression [81]. Furthermore, for that distinc-
tion it could be recently demonstrated that a
combined FET PET and MRI radiomics analysis
using textural features was able to increase the
diagnostic specificity of more than 90% [82].

13.3.4 Differentiation of Treatment-
Related Changes Following
Immunotherapy from Brain
Metastasis Recurrence Using
FDG and Amino Acid PET

Immuno-oncology is a rapidly developing thera-
peutic field with potential applications regarding
the therapy of CNS malignancies, especially in
patients with BM [83]. However, early phase
studies have indicated diagnostic challenges
associated with the assessment of radiological
changes in response to immunotherapy, wherein
a subset of patients exhibit a delayed response
to therapy or therapy-induced inflammation
that mimic progressive disease. In particular,
following immunotherapy, long-term survival
and tumor regression may occur after what was
believed to represent initial disease progres-
sion or even after the appearance of new lesions
[6]. Literature exists characterizing pseudopro-
gression occurring in patients with BM treated
with immunotherapy and in particular with
immune checkpoint inhibitors such as cytotoxic
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Fig. 13.1 A 66-year-old female patient with a brain
metastasis secondary to ovarian cancer underwent FET
PET and MR imaging. Nine months after stereotactic
radiosurgery, MRI suggests tumor recurrence. In contrast,

T lymphocyte-associated antigen 4 (CTLA-4)
inhibitors using ipilimumab and programmed
cell death 1 receptor (PD-1) inhibitors using pem-
brolizumab or nivolumab [6, 7, 84, 85]. A small
pilot study showed the potential of FET PET to
identify pseudoprogression in patients with BM
originating from melanoma treated with immune
checkpoint inhibitors [86]. For this indication,
data on FDG PET are currently not available.

13.3.5 Assessment of Treatment
Response

As stated above, standard MRI has its limitations
to differentiate BM relapse from treatment-related
effects such as radionecrosis or pseudoprogres-
sion due to unspecific contrast enhancement and
alterations in T2/FLAIR sequences. The use of
FDG as tracer for the assessment of treatment
response in PET imaging is hampered due to its
high physiologic brain uptake which limits the
discrimination of tumor and healthy brain meta-
bolic activity [9]. Furthermore, in light of newer
systemic treatment options such as targeted
therapy and immunotherapy, tools which pro-
vide additional information on molecular aspects
(e.g., metabolism, proliferation) become increas-
ingly important.

The PET tracer FLT is an analog to the nucleo-
side thymidine and was developed as a PET agent

FET PET shows no increased metabolic activity, indicat-
ing a radiation injury. The diagnosis was confirmed by a
stable clinical course of 6 months without a therapeutic
intervention

to assess cellular proliferation by tracing the thy-
midine salvage pathway [87]. More recently, in
patients with BM originating from breast cancer,
FLT has been applied to assess therapy response
to taxane chemotherapy (i.e., paclitaxel cova-
lently linked to Angiopep-2, designed to cross
the blood-brain barrier) and was found to sup-
plement the information derived from contrast-
enhanced MRI in terms of clarifying equivocal
MRI findings [45]. In BM from malignant mela-
noma being treated with targeted therapy and
immunotherapy, Nguyen and co-workers found
in a subset of patients that metabolic respond-
ers may show a proliferative reduction on FLT
PET despite apparent morphologic progression
on standard MRI (i.e., pseudoprogression) [49].

Regarding amino acid PET, studies evaluating
its value for the assessment of treatment response
are currently not available.

13.4 Current Limitations

Despite promising initial results regarding
the use of PET in patients with BM for vari-
ous indications (e.g., differentiation of radia-
tion injury from BM recurrence using amino
acid PET), it has to be noted that these results
were derived mainly from retrospective stud-
ies performed in single centers. Furthermore,
in approximately only one-third of patients
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the confirmation of imaging findings could be
performed histologically. Thus, multicenter
studies in a higher number of patients are nec-
essary, optimally with histological confirma-
tion of imaging findings.

A major clinical challenge is the detection
of multiple, especially very small, BM (usually
below a diameter of 1 cm). Due to the limited
spatial resolution of PET, miliary disseminated
metastatic disease or leptomeningeal metastasis
might be missed. This is of great clinical impor-
tance because it may change the prognosis and
justify the use of more aggressive treatment
options (e.g., whole-brain irradiation, systemic
and intrathecal chemotherapy).

To further improve patient management, well-
validated prognostic markers as well as predictive
imaging markers for the assessment of treatment
response derived from PET are currently lacking.
Newer treatment options (e.g., immunotherapy)
have other requirements on neuroimaging which
cannot be covered by anatomical MRI. Therefore,
PET studies should be aimed on the identification
of early response markers to identify successful
treatment prior to changes in tumor size.

13.5 Future Perspectives

From the methodical point of view, the use of
hybrid PET/MR scanners, allowing the simul-
taneous acquisition of both imaging modalities,
might support research work in patients with
BM. For example, the acquisition of static and
dynamic FET PET, anatomical MRI, perfusion-
and diffusion-weighted MRI, and other advanced
MRI sequences such as MR spectroscopy and
fMRI in a single session within can easily be per-
formed. Besides optimizing the co-registration
of various imaging modalities, this technology
appears particularly attractive in patients with
BM with poor clinical condition because there
is no exposition to the additional radiation dose
associated with a PET/CT scan, considerably
reduces scanning time, and avoids multiple trans-
ports to imaging facilities. Thus, this technology
provides optimal requirements for compara-
tive imaging studies using amino acid PET and

advanced MR imaging, ideally combined with
neuropathological confirmation of imaging find-
ings by stereotactic biopsy.

In order to increase the number of treatment
options, PET ligands initially used for diagnostic
imaging might also be instrumental for therapy
by changing the radioisotope, according to the
concept of “theranostics” as it has already been
introduced into the management of prostatic can-
cer [88-90].

Further possible indications for PET in patients
with BM are the prediction of BM origin, espe-
cially in patients with cancer of unknown primary
(CUP syndrome), and the diagnosis of especially
very small and newly diagnosed BM. Newer PET
tracers targeting TSPO might help to overcome
the latter mentioned problem [91] and eventually
could also help targeting local treatment options
such as radiotherapy.

13.6 Summary

At present, the differentiation of radiation injury
from BM recurrence using amino acid PET is
currently evaluated has the best evidence. Amino
acid PET can add valuable information in cases
of unclear differential diagnosis between post-
therapeutic reactive changes after radiotherapy
and recurrent BM. For this indication, pres-
ent studies show consistently a high diagnostic
accuracy. FDG PET can also be useful for this
indication; however, present studies show a large
variety of diagnostic accuracy. Thus, when using
PET for this indication, amino acid PET should
be given preference. Furthermore, there is only
limited evidence regarding the direct comparison
of advanced MRI with PET techniques. Amino
acid PET seems to have a potential benefit com-
pared to advanced MRI techniques, whereas
FDG PET appears to be inferior.

A few studies show also a potential benefit
of PET for the diagnosis of pseudoprogression
derived from immunotherapy (i.e., checkpoint
inhibitors) and for treatment response assessment
of systemic treatment options (e.g., targeted ther-
apy), but the current body of literature is com-
paratively small.
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Regarding patients with newly diagnosed BM,
the most sensitive and commonly used imag-
ing modality for the detection of BM remains
contrast-enhanced MRI. Amino acid PET using
the tracer FET has a clearly higher diagnos-
tic accuracy for the detection of BM than FDG
PET. However, FDG or amino acid PET are lim-
ited in detecting smaller lesions below a diameter
of 1 cm. Additionally, there is only limited evi-
dence for a potential benefit of amino acid PET
for the differential diagnosis of newly diagnosed
and untreated BM versus glioma.
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