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Introduction
1. Overview of Brain Metastases
1.1 Brain Metastases in Oncology

Brain metastases (BM) are a widely observed and frequently severe complication in oncology. They
contribute significantly to the morbidity and mortality rates among cancer patients. The incidence of
BM is higher than the incidence of primary brain tumors (Neuro-Oncology Part 11 2012; Tabouret et al.
2012), with approximately 20-40% of adult cancer patients developing BM during the course of their
illness (Barnholtz-Sloan et al. 2004). Studies using data from the SEER (Surveillance, Epidemiology, and
End Results) Program have shown a growing incidence of BM due to advances in diagnostic
technologies and more effective treatments for primary tumors (Cagney et al. 2017; Christiaans et al.

2002).

1.1.1 Clinical Presentation of Brain Metastases

About 20-40% of patients with BM first appear to have focal neurological symptoms, such as motor
deficits or sensory impairments (Metastatic Disease of the Nervous System 2018). These symptoms
vary depending on the location of the lesions, size, and number of metastatic tumors. Common
symptoms include headaches, visual disturbances, weakness, seizures, ataxia, and changes in speech,

all of which have a serious impact on quality of life (Ribeiro et al. 2023).

The supratentorial brain and the cerebellum are the most common locations of BM. Figure 1 provides
a comprehensive illustration of the clinical symptoms associated with BM at different brain locations.
The image has been adapted and modified from Cacho-Diaz et al. (2019) to emphasize the most
relevant symptoms for each brain region. The adapted illustration visually enhance the correlation

between the anatomical location of BM and the resulting clinical symptoms. (Cacho-Diaz et al. 2019).



Figure 1. Clinical symptoms according to localization of brain metastases (BM). Adapted from Cacho-
Diaz, Bernardo; Lorenzana-Mendoza, Nydia A.; Chavez-Hernandez, J. Danaé; Gonzdlez-Aguilar,
Alberto; Reyes-Soto, Gervith; Herrera-Gémez, Angel (2019): Clinical manifestations and location of
brain metastases as prognostic markers. In: Current problems in cancer 43 (4), S. 312—-323. DOI:

10.1016/j.currproblcancer.2018.06.002.

Parietal Lobe
Weakness 40% (RR 1.9)
Seizures 27% (RR 1.7)
Headache 58% (RR 1.5)

Frontal Lobe

Seizures 28% (RR 2.2)

Weakness 38% (RR 1.5)
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Temporal Lobe
Cognitive complaint 3% (RR 5.1)
Altered mental 25%
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Ataxia 26% (RR 4.4)
Headache 62% (RR 1.7)
Visual complaint 38%

Brainstem
Vertigo 26% (RR 5.2)
Abnormal movement 5% (RR4.7)
Ataxia 26% (RR 1.65)

1.1.2 Diagnostic Approaches for Brain Metastases
A comprehensive clinical assessment and a variety of imaging techniques are necessary for the
diagnosis of BM. These include computed tomography (CT), magnetic resonance imaging (MRI), and

positron emission tomography (PET) (Bhattacharya et al. 2024).

However, current imaging modalities have limitations, particularly in the detection of small metastatic
lesions or in the difficult differentiation of tumor tissue with other concurrent conditions, such as

inflammation or edema (Werner et al. 2020).

Cognitive complaint 3% (RR 5.4)
Headache 63% (RR 1.96)
Visual complaint 38%



1.1.3 Prognosis of Patients with Brain Metastases

BM-diagnosed patients usually have a poor prognosis. Despite advances in surgical techniques,
radiation therapy, chemotherapy, and targeted therapy, the median survival for BM patients is often
limited to a range of 2 to 14 months (Cagney et al. 2017). The most frequent primary tumors that
spread to the brain are lung cancer, melanoma, breast cancer, and renal cancer (Posner 1996;

Schouten et al. 2002; Gavrilovic und Posner 2005).

1.1.4 Impact of Treatment Modalities on Survival

The type of treatment has a significant impact on survival rates. From older analyses, the median
survival for patients undergoing only steroid treatment was only 1.3 months while the median survival

for patients treated with neurosurgery and radiotherapy was 8.9 months (Lagerwaard et al. 1999).

For systemic treatment, a significant challenge in BM management is the blood-brain barrier (BBB),
which impedes the effective delivery of many therapeutic agents to the brain. Furthermore, the
diversity of BM resulting from various original tumor types complicates the treatment approaches and
negatively impacts overall prognosis, and presents a challenge to the development of effective

treatment approaches (Wrobel und Toborek 2016).

Management of BM requires a multidisciplinary approach. Treatment decisions need to be based on
the number, size, and location of the metastases, as well as the neurological and physical condition of
the patient. Comorbidities, the potential life expectancy, and the patient preferences play an
important role. Tumor biology, including molecular targets, extracranial tumor burden, and the

availability of CNS-targeting therapies must also be considered (Ramos et al. 2022).

1.2 Pathophysiology of Brain Metastases

Most research focuses on identifying the mechanisms and pathophysiology of BM, which are crucial
to the development of more effective treatment methods. The "seed and soil" theory explains the
development of metastases. The ability of cancer cells (the "seeds") to form metastatic tumors is
influenced not only by the properties of the cancer cells but also by the environmental characteristics

of the invaded environment (the "soil") (Paget 1889). The brain microenvironment, or “soil,” provides



a unigue milieu that facilitates tumor growth and survival. This milieu includes conditions such as

immunological evasion and hypoxia (Fidler 2015).

The central nervous system (CNS) has a unique environment due to the presence of the BBB. This
selective barrier, formed primarily by tightly interconnected endothelial cells and supported by
astrocytes and pericytes, is critical for maintaining a stable environment in the brain. However, it limits

the efficacy of many systemic treatments (Daneman und Prat 2015).

BM develop through the hematogenous spread of cells from a primary tumor to the brain
microvasculature. This process begins with the formation of a "premetastatic niche" influenced by
cytokines, chemokines, and VEGF released from primary tumors and circulating tumor cells. These
alterations increased the permeability of the BBB by activating matrix metalloproteinases (Kaplan et
al. 2005). Tumor cells invade surrounding tissues, undergo intravasation into blood vessels, circulate,
and then extravasate into the brain. They tend to settle at junctions of gray and white matter,
benefiting from prolonged blood flow transit times that aid in overcoming the BBB. Successful
macrometastasis formation involves initial arrest, early extravasation, sustained perivascular
positioning, and subsequent angiogenesis or vascular co-option (Kienast et al. 2010) (Achrol et al.

2019).

Vessel co-option is a non-angiogenic process. Tumor expansion occurs through the utilization of pre-
existing vessels, rather than induction of new blood vessel growth (angiogenesis) (Leenders et al.
2002). This process not only facilitates tumor growth but also contributes to resistance against anti-

angiogenic therapies that target new vessel growth (Donnem et al. 2013).

BM may differ in their vascular adaptation depending on their locations. In one study, supratentorial
BM are more reliant on VEGF-A-mediated mechanisms of angiogenesis than infratentorial BM

(Schneider et al. 2018).

1.3 Prognostic Factors
1.3.1 Prognostic Assessment

Estimating survival in patients with BM is difficult due to the variety of treatments and the nature of
BMs. Several indices help estimate the prognosis of patients with BM, including the RTOG recursive
partitioning analysis (RPA), the score index for radiosurgery (SIR), the graded prognostic assessment

(GPA), diagnosis-specific graded prognostic assessment (ds-GPA) and the basic score for brain
5



metastases (BSBM) (Gaspar et al. 1997), (Weltman et al. 2000) (Serizawa et al. 2014) (Sperduto et al.
2008b), (Ribeiro et al. 2023).

Among the prognostic indices, the RTOG-RPA was originally created for patients treated with whole
brain radiation therapy (WBRT). In contrast, the SIR and the BSBM were designed for those undergoing
stereotactic radiosurgery. The GPA and the ds-GPA were developed using data from patients receiving

various treatments (surgery, WBRT or SRS) (Stankiewicz et al. 2021).

Despite their clinical utility, current prognostic tools primarily focus on factors directly related to the

tumor and treatment. Notably, these tools do not account for the influence of comorbid conditions.

1.3.2 Prognostic role of Comorbidities

Comorbidities are widely recognized as increasing mortality risk among cancer patients (Sggaard et al.
2013). It appears reasonable to hypothesize that comorbidities may also impact the prognosis of BM.
Comorbid conditions can lead to delayed diagnosis, accelerated disease progression, or reduced
likelihood of receiving standard treatments, all of which may adversely affect outcomes (S¢gaard et al.
2013). For instance, a meta-analysis of colorectal cancer (CRC) patients showed a poorer prognosis
among those with comorbid conditions, regardless of whether these were diagnosed before or after

CRC (Boakye et al. 2018).

In particular, vascular-related comorbidities can exert a significant influence the prognosis of BM, both
directly and indirectly affecting the outcomes. BM depends heavily on the cerebral blood vessels within
their microenvironment, which can alter the cerebral vasculature, including changes in blood flow or
vessel integrity. These factors have the potential to modulate the growth and progression of BM. Such
vascular alterations may also impact the efficacy of therapeutic modalities such as radiotherapy, which
require adequate perfusion and oxygenation to achieve optimal outcomes (Chen et al. 2017; Sgrensen

und Horsman 2020; Corroyer-Dulmont et al. 2021).

In addition to the specific vascular effects, cancer patients often experience general cerebrovascular
comorbidities such as DM, smoking, arterial hypertension, peripheral arterial occlusive disease (PAOD),
and hypercholesterolemia. Potentially, these conditions may have an adverse effect on the progression

of malignant diseases, increase underlying vascular abnormalities and interact with treatment efficacy.



Arterial hypertension is more prevalent among cancer patients and survivors than in the general
population. It is linked to an elevated risk of cardiovascular complications during treatment, and may

contribute to an increased mortality rate (Armstrong et al. 2013; Cohen et al. 2019).

DM may have a potential impact on BM prognosis. In a monocentric retrospective study, diabetic BM
patients who underwent stereotactic radiosurgery (SRS) had a median overall survival (OS) of 6.0
months, in comparison to a median OS of 9.3 months observed in non-diabetic patients (LeCompte et

al., 2018).

Likewise, smoking may negatively affect survival outcomes in patients with BM. A retrospective
monocentric study of n=461 non-small cell lung cancer (NSCLC) patients with BM indicated that
smokers had shorter progression-free survival (PFS) and OS compared to non-smokers (Zhang et al.

2024).

Hypercholesterolemia may also influence cancer outcomes. In a large meta-analysis of breast cancer
patients, cholesterol-lowering medications were linked to reduced cancer mortality, suggesting a

possible benefit of managing this condition in cancer patients (Jaiswal et al. 2023).

Besides the results of these few studies, the prognostic role of comorbidities for prognosis in BM is

largely undefined.

1.4 Treatment of Brain metastases
1.4.1 Surgery

Surgical resection is recommended for patients with BM when the estimated survival period is more
than three months (Hatiboglu et al. 2020). This recommendation is particularly relevant for patients
with a limited number of metastases (1-3 lesions), tumor sizes exceeding 3 cm, significant mass effect,
or location in the posterior fossa with associated hydrocephalus (Carapella et al. 2018). Surgical
intervention is especially effective in relieving pressure on surrounding brain structures and resolving
cerebrospinal fluid (CSF) flow obstruction caused by the tumor, leading to rapid symptomatic relief.
Moreover, surgery is often necessary for diagnostic purposes, particularly when the primary tumor
remains unclear, or when histological confirmation is required (Vogelbaum und Suh 2006; Lim et al.

2004).



Historically, in the initial trial on resection of BM by Patchell et al., resection achieved a longer median
survival period of 40 weeks, whereas patients who underwent WBRT alone showed a median survival
of only 15 weeks. Moreover, the surgical group demonstrated improved quality of life and neurological
function, with a higher likelihood of maintaining or regaining functional independence (Patchell et al.

1990).

In further studies e.g. a retrospective study by Schodel et al. 2013, surgical resection showed a positive
impact on reducing neurological deficits, intracranial pressure, and hemiparesis in patients with BM.
In a study referring to RPA classes patients in RPA class 1 had a favorable prognosis, with a median
survival of 21.4 months (Tendulkar et al. 2006). Exemplary and tumor specifically, another
retrospective study analyzed the outcome of 296 patients with NSCLC and BM comparing outcomes
between those who underwent brain surgery and those who did not. The brain surgery group had a
significantly better prognosis, with a median survival time of 40.3 months. In contrast, the non-surgery

group had a much shorter median survival of 8.4 months (Yen et al. 2021)

Multiple lesions in patients with BM often complicate treatment approaches. Schédel and Colleagues
evaluated 750 patients including patients with multiple BM (39% of cases) (Schodel et al. 2020). In this
groups surgical resection led to a significant improvement in the functional status of patients, thereby

enhancing the likelihood of receiving adjuvant treatment (Schodel et al. 2020).

1.4.2 Radiotherapy
RT is a common treatment for patients with or without resection of BM. A number of studies have

shown that local recurrence is more frequent in patients who have undergone surgery alone than in

those who have undergone surgery with RT (Buszek et al. 2023).

1.4.2.1 Whole brain radiation therapy (WBRT)

WBRT was typically used as the primary treatment modality for patients with multiple metastases
(Chao et al. 1954). WBRT is also used in palliative care to reduce symptoms such as headaches, seizures,
or neurological deficits caused by brain lesions. The usual course of treatment is 30 Gy delivered in 10

fractions over the course of 2 weeks (Rades et al. 2010).



WBRT commonly causes temporary side effects like alopecia, mild dermatitis, mild fatigue and
occasionally otitis media or externa. Furthermore, some patients experience sequential impaired

cognitive functioning (Brown et al. 2018).

1.4.2.2 Stereotactic Radiotherapy (SRT)

SRT is becoming increasingly popular as a treatment option for BM. SRT uses a three-dimensional
coordinate system to deliver precisely focused radiation beams to small, well-defined brain targets,
minimizing the risk of damage to surrounding healthy tissue and reducing side effects (Perlow et al.

2020). SRT is typically recommended for patients with up to 10 BM (Pefia-Pino und Chen 2023).

The European Association of Neuro-Oncology (EANO) guidelines from 2021 recommend SRT as a
primary treatment for patients with a limited number of BM (1-4 lesions). SRT is also considered an
option for patients with a higher number of metastases (5-10 lesions). Additionally, SRT to the surgical
cavity is strongly recommended following complete or incomplete resection of BM to improve local
control (Le Rhun et al. 2021). According to the NCCN Guidelines, the recommended marginal doses for
single-fraction SRT range from 15 to 24 Gy, depending on the size of the tumor. For larger tumors,
multi-fraction SRT is suggested as an alternative, with commonly used regimens including 27 Gy
delivered in 3 fractions or 30 Gy in 5 fractions (Nabors et al. 2020). The maximum tolerated doses of
SRT vary based on tumor size, as established by the Radiation Therapy Oncology Group (RTOG) (Shaw
et al. 2000).

1.4.3 Systemic therapy

Treatment landscape of systemic treatment for BM has significantly changed within the last decade.
Traditional cytotoxic chemotherapy resulted in low response rates, limiting its role in the management
of BM (Fortin 2012). With molecular advances, systemic therapies significantly improved in the
treatment of BM. In patients with asymptomatic BM, a systemic treatment for BM should be
considered if intracranial active systemic treatment is available, according to the current European

Association of Neuro-oncology (EANO) guidelines for BM (Le Rhun et al. 2021).

The EANO guidelines recommend that systemic pharmacotherapy should be based on the histological

and molecular characteristics of the primary tumor and previous treatments. Molecular genetic



analysis of BM rather than the primary tumor is recommended to optimise the selection of targeted

therapies (Le Rhun et al. 2021).

Recently, several modern trials on targeted and immune-modulating therapies in the treatment of
NSCLC, Melanoma, Breast Cancer have demonstrated notable intracranial efficacies, particularly in

patients with asymptomatic neurological disease (Steindl und Berghoff 2021).

Further, the combination of SRT with several systemic treatment demonstrated enhanced clinical

efficacy in comparison to monotherapy with SRT or e.g. immunotherapy alone (Kotecha et al. 2018).

2. Overview of Diabetes mellitus

DM is a group of metabolic disorders characterized by persistent hyperglycemia, or elevated blood
glucose levels (Harreiter und Roden 2023). Several pathophysiological mechanisms contribute to DM,
including reduced insulin sensitivity, insulin deficiency, or autoimmune destruction of pancreatic beta
cells (Diagnosis and Classification of Diabetes Mellitus 2014). DM is categorized into several clinical
types, such as type 1 and type 2 DM, gestational diabetes mellitus (GDM), and other specific forms
caused by genetic factors, exocrine pancreatic disorders, or medications (Diagnosis and Classification

of Diabetes Mellitus 2014).

The most common form is type 2 diabetes, affecting 6.28% of the global population. It is predicted that
the prevalence of diabetes will increase to 7,862 cases per 100,000 by 2040 (Khan et al. 2020). In
Germany, the Robert Koch Institute (RKI) estimates the lifetime prevalence of diabetes among adults
aged 18-79 at 7.2%, with a slightly higher rate in women (7.4%) compared to men (7.0%) (Scheidt-Nave
und Icks 2019).

The characteristic symptoms of DM include hyperglycemia, polyuria, polydipsia and weight loss. Many
different organ systems can be affected by diabetes and it can lead to serious complications, including
neuropathy, nephropathy, retinopathy, cardiovascular disease, stroke, and peripheral vascular disease
(Deshpande et al. 2008). Furthermore, numerous studies have shown an association between diabetes
and cancer, highlighting not only increased risk of cancer development but also higher cancer mortality
rates (Zhu und Qu 2022). A 2016 meta-analysis by Zhu, showed that lung cancer patients with pre-

existing diabetes exhibit significantly worse OS compared to non-diabetic patients (Zhu et al. 2016).
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Similarly, diabetes negatively impacted breast cancer prognosis. Meta-analytic models, incorporating
data from 15 and 6 studies respectively, reveal that diabetes patients with breast cancer are associated
with poorer OS (HR 1.51; 95% Cl 1.34-1.70) and disease-free survival (DFS) (HR 1.28; 95% CI 1.09-1.50)
(zhao und Ren 2016). A retrospective cohort study assessed the long-term prognostic impact of DM
on patients undergoing gastrectomy for advanced gastric cancer. The results indicated that patients in
the DM group had significantly worse OS compared to the non-DM group (p=0.037) (Matsui et al.
2022).

2.1 Common risk factors for cancer and T2DM

Both non-modifiable risk factors, such as age, sex, and ethnicity, and modifiable factors, such as
obesity, diet, physical inactivity, alcohol consumption, and smoking, are associated with the
development of cancer and type 2 diabetes mellitus (T2DM) (Giovannucci et al. 2010). With aging the
incidence of both diseases increases. Men seem to have an increased age-adjusted risk of both
diseases compared to women (Giovannucci et al. 2010). Recent studies have further elucidated how
shared risk factors influence outcomes in patients with concurrent T2DM and cancer. For instance, a
longitudinal retrospective cohort study conducted in Sweden between 1998-2019 investigated the
excess mortality risk in individuals with T2DM diagnosed with cancer, examining the impact of
modifiable diabetes-related factors. This study, which included over 690,000 individuals with T2DM,
found that cancer, including breast, prostate, colorectal, and lung cancer significantly increased the
all-cause mortality rate among these individuals three times higher compared to those without cancer.
The study identified two significant modifiable risk factors—physical inactivity and smoking—as major

contributors to elevated mortality rates within this demographic (Laurberg et al. 2024).

2.2 Link between Diabetes and Cancer

Diabetes is a common comorbidity in cancer patients, with an estimated 8-18% of cancer patients also
diagnosed with diabetes (Nicolucci 2010). Increasing evidence suggests that diabetes may be a risk
factor for certain malignancies, including pancreatic, liver, colon, breast, and endometrial cancers
(Shahid et al. 2021). Furthermore, some epidemiological studies indicate that cancer patients with

diabetes may have a higher risk of mortality compared to non-diabetic cancer patients. Key

11



mechanisms underlying the association between type 2 diabetes and cancer development include

hyperinsulinemia, hyperglycemia, and chronic inflammation (Vigneri et al. 2009).

2.2.1 Impact of Hyperinsulinemia

Hyperinsulinemia is defined as chronic elevated levels of insulin in serum. Increased risk of cancer
initiation and progression due to hyperinsulinemia may be caused by insulin’s mitogenic effects. High
insulin levels can activate the related insulin-like growth factor-l1 (IGF-1) receptors, that have more
potent mitogenic and transforming activity. Additionally, many cancer cells overexpress insulin
receptors (IR), particularly the IR-A isoform, which primarily promotes mitogenic activity over
metabolic effects. This binding of insulin to IR-A receptors may encourage tumor growth and
potentially stimulate otherwise dormant tumors (Frasca et al. 1999; Vigneri et al. 2009; Szablewski

2024).

Preclinical studies further support the role of hyperinsulinemia in cancer progression. For example,
one study demonstrated that hyperinsulinemia not only promoted primary tumor growth but also

enhanced lung metastasis in a Her2-positive breast cancer mouse model (Ferguson et al. 2013).

2.2.2 Impact of Hyperglycemia on the Tumor Microenvironment and Metastases

The tumor microenvironment (TME) is crucial for tumor growth and metastasis, as it influences
immune cell behavior. Hyperglycemia can modify immune cell function within the TME, suggesting
that diabetes may correlate with poorer cancer prognosis due to hyperglycemia-induced alterations in
immune dynamics. For example, elevated glucose levels are associated with increased circulating

neutrophil counts, although without affecting their function (Nagareddy et al. 2013).

This hypothesis was tested in a study using a combined mouse model of breast cancer and
streptozotocin (STZ)-induced hyperglycemia. Results showed that hyperglycemia impaired neutrophil
mobilization in tumor-bearing animals, likely due to decreased G-CSF levels. Interestingly,
hyperglycemia did not impact neutrophil mobilization in tumor-free mice, indicating that bone marrow
progenitors respond effectively to hyperglycemia only in the absence of tumors. Impaired neutrophil
mobilization under hyperglycemic conditions was associated with an increased metastatic seeding

(Fainsod-Levi et al. 2017).
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Hyperglycemia may also promote tumor progression by inducing hypoxic conditions in the TME via

upregulation of hypoxia-inducible factor-1 alpha (HIF-1a) (Li et al. 2018).

2.2.3 Chronic inflammation and oxidative stress

Altered glucose metabolism, often associated with insulin resistance and hyperglycemia, leads to
elevated levels of reactive oxygen species (ROS) (Black 2024). An imbalance between reactive oxygen
species (ROS) and antioxidants is the underlying cause of oxidative stress. The accumulation of ROS
can result in the damage of DNA, proteins, and lipids, thereby fostering genetic mutations and genomic
instability. This is a critical factor in cancer initiation. Additionally, ROS activate several inflammatory
pathways, including NF-kB, AP-1, and HIF-1a, which upregulate genes involved in cell survival,
proliferation, and angiogenesis, thereby further promoting tumor growth (Reuter et al. 2010). Recent
studies indicated that the Polyol, Hexosamine, advanced glycation end-products (AGE), and PKC-NFkB
pathways are triggered in hyperglycemic conditions, leading to oxidative stress and chronic
inflammation (Black 2024). Chronic inflammation and ROS-mediated pathways represent a critical

mechanistic link between T2DM and cancer (Black 2024; Reuter et al. 2010).

3. Diabetes Mellitus in Patients with Brain tumors

Research on the impact of DM on survival outcomes in patients with BM is limited compared to the
more extensive studies focused on primary brain tumors. While it is well investigated that DM
adversely affects survival in several cancers, the specific relationship between DM and BM prognosis
is unclear and requires further investigation. A systematic review suggests that hyperglycemia, rather
than DM itself, is more consistently linked with poor prognosis in brain tumor patients (Barami et al.

2017).

One study specifically examined the effect of pre-existing T2DM on length of hospital stay and in-
hospital mortality in patients with brain tumors, including BM. The findings showed no statistically
significant differences in these outcomes between patients with and without T2DM (Pantelidis et al.

2019).

13



Multiple studies indicate that DM may contribute to higher cancer mortality across various primary
tumors (Barone et al. 2008; Mills et al. 2013; Tobe et al. 2022). The impact of DM specifically on
prognosis in BM patients remains uncertain, though it seems plausible that similar associations could
exist. A single-institution retrospective study found that DM is a poor prognostic factor, increasing the
risk of mortality and tumor progression in patients with metastatic colorectal cancer; however, this
study did not specify whether the metastases involved the brain, leaving the direct connection

between DM and BM prognosis unclear (Miranda Baleiras et al. 2023).

Within few retrospective series, LeCompte et al. hypothesized DM as a poor prognostic indicator for
BM patients (total n=498, n with diabetes=48) receiving radiotherapy. On multivariate analysis, DM
was a significant negative predictor of OS (HR: 1.41, Cl: 1.02-1.95, p = 0.04) (LeCompte et al. 2018).
Similarly, a single-center retrospective study of 81 breast cancer patients with BM treated with
stereotactic radiation therapy reported the prognostic impacts of obesity and DM. Diabetic patients
had a shorter median OS (11.8 months vs. 26.2 months, p < 0.001) and intracranial PFS (4.5 months vs.
10.3 months, p = 0.001) compared to non-diabetics. The results of the multivariate analysis indicated
that both a BMI of 25 kg/m? or above [HR 2.35 (1.39-3.98); p = 0.002] and the presence of diabetes
[HR 2.77 (1.454-5.274); p = 0.002] were independently associated with increased mortality (McCall et
al. 2018).

In light of a potential impact of DM on the prognosis of BM, effective management of DM appears
potentially valuable for improving treatment outcomes in BM patients. A study utilizing a mouse model
showed that PI3K inhibitors induce hyperglycemia and hyperinsulinemia in mice. In an orthotopic
patient-derived glioblastoma (GBM) mouse model, anti-hyperglycemic treatment with metformin was
able to decrease insulin feedback from PI3K inhibition and increased the anti-tumor effectiveness of

PI3K inhibition (Noch et al. 2023).

Aim of our large monocentric retrospective study was to identify the potential prognostic relevance of

severe cardiovascular comorbidities with focus on DM in patients with BM of different tumor entities.
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Simple Summary: Cerebrovascular disorders are common among cancer patients. They might
influence tumor growth, treatment sensitivity and, ultimately, the prognoses of patients with brain
metastases (BM). In a retrospective exploratory study, we examined if the presence of artenal hy-
pertension, smoking, diabetes mellitus (DM), hypercholesterolemia or peripheral arterial occlusive
disease has a prognostic impact in patients with BM. In uni- and multivariate analysis, the presence
of DM was associated with a worse prognosis across several tumor types, while for the other cere-
brovascular risk factors, significant differences in survival were not found. From molecular data, it
can be hypothesized that RAGE activation plays an important role in the interaction between DM
and BM. In future studies, it remains to be determined to what extent serum glucose levels and
antidiabetic treatments may influence survival and if optimized antidiabetic treatment or RAGE
targeted treatments are able to improve prognoses of patients with BM.

Abstract: Background: Brain metastases (BM) cause relevant morbidity and mortality in cancer
patients. The presence of cerebrovascular diseases can alter the tumor microenvironment, cellular
proliferation and treatment resistance. However, it is largely unknown if the presence of distinct
cerebrovascular risk factors may alter the prognosis of patients with BM. Methods: Patients admitted
for the radiotherapy of BM at a large tertiary cancer center were included. Patient and survival
data, including cerebrovascular risk factors (diabetes mellitus (DM), smoking, arterial hypertension,
peripheral arterial occlusive disease, hypercholesterolemia and smoking) were recorded. Results:
203 patients were included. Patients with DM (z = 39) had significantly shorter overall survival (OS)
(HR 1.75 (1.20-2.56), p = 0.003, log-rank). Other vascular comorbidities were not associated with
differences in OS. DM remained prognostically significant in the multivariate Cox regression including
established prognostic factors (HR 1.92 (1.20-3.06), p = 0.006). Furthermore, subgroup analyses
revealed a prognostic role of DM in patients with non-small cell lung cancer, both in univariate (HR
1.68 (0.97-2.93), p = 0.066) and multivariate analysis (HR 2.73 (1.33-5.63), p = 0.006), and a trend in
melanoma patients. Conclusion: DM is associated with reduced survival in patients with BM. Further
research is necessary to better understand the molecular mechanisms and therapeutic implications of
this important interaction.

Keywords: brain metastasis; radiotherapy; systemic therapy; diabetes mellitus; vascular risk factors;
vascular comorbidities; frailty; arterial hypertension; smoking; hypercholesterolemia
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1. Introduction

Brain metastases (BM) are frequent complications in patients with cancer. Accord-
ing to a SEER database analysis among patients with metastatic disease, patients with
melanoma (28.2%), lung adenocarcinoma (26.8%), small cell lung cancer (23.5%), squamous
cell carcinoma of the lung (15.9%), renal cancer (10.8%) and breast cancer (7.6%) had brain
metastases [1]. Importantly, the incidence of brain metastases (BM) is increasing, partially
due to longer life expectancy and better means of detection [2,3].

Despite more available treatments for BM, including surgery, stereotactic radiother-
apy (SRT), whole-brain radiation therapy (WBRT), molecularly targeted therapeutics and
immunotherapies, patients with BM mostly still have a poor prognosis [1,3-6].

However, in recent years, several radiotherapeutic developments have improved the
treatment of brain metastases. One main focus of research was the prevention of cognitive
decline that is frequent after conventional whole-brain radiotherapy (WBRT) [7,8]. Firstly,
it has been shown in a multicentric observational trial that stereotactic radiotherapy can be
applied to patients with 5-10 brain metastases without worse overall survival compared
to patients with 2-4 BM [9,10]. In another approach to maintaining cognitive functioning,
hippocampal sparing WBRT has shown significant benefits compared to conventional
WBRT in a phase 2 and comparative phase 3 trial [11,12]. Within these trials, in combination
with WBRT, the partial N-Methyl-D-Aspartate (NMDA)-receptor antagonist memantine
was applied in order to further preserve cognitive function after WBRT [12,13].

Prognostic scores for patients with BM developed from disease-unspecific scores, like
recursive partitioning analysis (RPA), to more disease specific approaches, like the disease-
specific graded prognostic assessment (ds-GPA) score [14,15]. The ds-GPA encompasses
tumor specific variables, like mutation status, extracranial tumor control and number
of brain metastases, as well as some patient variables like patient age and Karnofsky
performance score (KPS) [16]. Except for KPS, patient frailty and comorbidities are not
reflected in the ds-GPA.

The concept of patient frailty comprises different parameters that better describe
patient’s well-being, physical independency and comorbidities. Measures of frailty include
G8 and Hurria Score [17,18]. Within general oncology, considerable knowledge has been
gained regarding the relevance of comorbidities in prognoses and treatment of colorectal
cancer, breast cancer and lung cancer [19-21]. However, comorbidities, as a part of the
frailty concept, have not been a scientific focus in patients with BM so far.

Among co-morbidities, vascular conditions or risk factors might be particularly rele-
vant in a specific and non-specific fashion. Firstly, and specifically, BM heavily rely on and
interact with cerebral blood vessels as part of their microenvironment. Alterations in cere-
bral vasculature might modulate the number and growth of BM, as well as the sensitivity
to therapeutic interventions like radiotherapy, which relies on appropriate perfusion and
oxygenation [22-24].

Non-specifically, cerebrovascular comorbidities (diabetes mellitus (DM), smoking,
arterial hypertension, peripheral arterial occlusive disease (PAOD), hypercholesterolemia)
are frequent in cancer patients and there are ample indications that they may negatively
affect the course of malignant disease.

The prevalence of hypertension is greater in cancer patients and survivors compared
with the general population, and arterial hypertension carries a risk of multiple cardiovas-
cular complications during cancer treatment and potentially increased mortality [25,26].

Smoking is associated with a poorer prognosis in patients with small-/non-small cell
lung cancer (SCLC/NSCLC) and breast cancer [27-29]. Regarding hypercholesterolemia,
cholesterol-lowering medication was associated with a decrease in cancer mortality inina
large meta-analysis of breast cancer patients [30]. Finally, diabetes mellitus (DM) appears
to be associated with increased cancer mortality across several primary tumors [31,32].

The aim of this exploratory retrospective study was to examine the prognostic role
of frequent cerebrovascular comorbidities, specifically in patients with BM undergoing
radiotherapy.
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2. Materials and Methods

This study was performed according to the Declaration of Helsinki in its current
form. Approval was granted by the Ethics Committee of University of Leipzig (Date 3rd
of August.2021/MNo332/21-ek). All patients consented to the anonymized scientific use
of their clinical data. Patients treated with radiotherapy at the Department of Radiation
Oncology, University of Leipzig Medical Center, Leipzig, Germany, between 2004 and 2016
were identified from clinical records. All patients (age = 18 years) diagnosed with BM
from a solid primary tumor were principally eligible for the study; consecutive patients
were chosen with available pre-therapeutic cerebral MRI and detailed clinical patient
charts. Treatment was either performed with SRT or WBRT, depending on number of
metastases and patient conditions. Patient data were analyzed from existing patient
charts. Various characteristics including age (at primary BM diagnosis), primary tumor
type, KIS, number of metastases, systemic tumor control and the presence or absence
of DM, arterial hypertension, smoking status, hypercholesterolemia, and PAOD were
recorded prior to treatment of BM in a standardized fashion. Survival data were obtained
from the local cancer registry. Data analysis was performed using Microsoft Excel 2016
{Microsoft Corporation, Albuquerque, NM, USA) and SPPSS Version 28.0.1.1 (IBM Software
Inc., Armonk, New York, USA). Overall survival (O5) was calculated from the date of
diagnosis of brain metastasis until death; patients being lost to follow-up were censored
at the last date known to be alive. OS5 was examined using Kaplan-Meier analyses with
log-rank tests. Univariate and multivariate Cox proportional hazard regression analyses
were conducted to reveal prognostic parameters associated with OS. For Cox proportional
hazard regression analyses of established prognostic factors age was stratified to =70 years
vs. <70 years, KPS <70 vs. = 70 and number of BM >3 vs. <3 BM.

3. Results
3.1. Patient Characteristics

Data from 203 patients were included in the analysis. Patient age at diagnosis of BM
ranged from 30 to 83 years with a median /mean age of 62.6/61.3 vears. At diagnosis of
BM, patients presented with a median Kamofsky performance status (KI'S) of 70 (range:
20-100). The most common primary tumor was non-small cell lung cancer (NSCLC) in
84/203 patients (41.4%), followed by melanoma (28 /203, 13.8%), breast cancer (21 /203,
10.3%), small cell lung cancer (SCLC) and renal cell carcinoma (RCC) (each 20,203, 9.9%),
colon cancer (7/203, 3.4%), and other cancers (23/203, 11.3%). Concomitant vascular
co-morbidities were arterial hypertension (100,203 patients, 49.3%), DM (39/203, 19.2%),
peripheral arterial occlusive disease (PAOD) (23/203, 11.3%), hypercholesterolemia (7,203,
3.5%). In total, 33.5% of patients were smokers (68 /203 patients, Table 1), 39.4% (80/203) of
patients were diagnosed with 1-3 BM, and 90 patients (44.3%) had =3 BM. The majority of
patients had unstable systemic disease or synchronous brain metastases (137 /203, 67.4%).
Treatment of patients BM comprised stereotactic radiotherapy (SKT) (40,192, 19.7%) and
whaole-brain radiotherapy (WBRT) £ SRS (152/191, 74.8%).

3.2, Age, KPS and Tumor Histology Influenced Survival Oulcomes

The median survival time of the entire cohort was 6 months (95% Cl: 4.49-7 40), and
the median follow up was 6.01 months (95% CIL: 0.93-42.54). Median survival times were
different between patients with age =70 years, <70 years (4.14,/7.29 months, p = 0.001) and
with KPS <70, =70 (3.06/6.70 months, p = 0.03) but not between patients with >3, <3 BM:
5.55/6.74 months (p = 0.443) respectively. Concerning tumor histology, survival times for
patients were as follows: NSCLC, 6.01 months; SCLC, 5.52 months; melanoma, 7.46 months;
breast cancer, 953 months; RCC, 2.96 months; and other cancers, 4.17 months.
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Table 1. Patients’ characteristics.

Characteristic Group Patients n = 203 (%)
Age <71 years 154 (76)
=70 years 49 (24)
KPS =70 104 {51.2)
<70 52 (25.46)
Missing data 47 (23.2)
Mo. of brain metastases =3 9 (44.3)
<3 80 (39.4)
Missing data 33(16.3)
Tumor type MSCLC B4 41.4)
SCLC 200 (9.9)
Breast cancer 21(10.3)
Melanoma 28 (13.8)
RCC 200 (9.9)
Other 30(14.7)
Yes 27 (13.3)
I No 71 (34.9)
Stable systemic disease Synchronous BM 66 (32.5)
Missing data 39(19.2)
SET 40 (19.7)
Radiotherapy technique WBRT + SRT 152 (74.8)
Missing data 11 (5.5)
Diabetes mellitus Yes 39 (19.2)
No 164 (B0.3)
Missing data 00y
Arterial hypertension Yes 100 (49.3)
No 94 (46.3)
Missing data 9(4.4)
Smoking Yes 68 (33.5)
No 128 (63.1)
Missing data 7(34)
Peripheral arterial occlusive Yes 23(11.3)
disease Mo 176 (86.7)
Missing data 4(2)
Hypercholesterolemia Yes 7(3.5)
No 189 (93)
Missing data 7135

In the univariate Cox regression analysis, patients age =70 years showed significant
detrimental effects regarding survival (HR 1.75 [1.24-2.48], p = 0.002). Furthermore, KIS
<70 and tumor histology (RCC) were associated with reduced survival (KPS <70: HR 1.47
[1.03-2.1], p = 0.033, RCC: HR 2.035 [1.26-3.28], p = 0.015). The number of BM was not
associated with differences in survival time (>3 BM: HR 1.13 [0.83-1.54], p = 0.444; Table 2).

3.3. Diabetes Mellitus Was Associaled with the Reduced Survival of Patients with Brain

Metastases Undergoing Radiotherapy

Median survival times for patients with /without DM, with/without arterial hyper-
tension, with/without smoking, with/without PAOD, and with/without hypercholes-
terolemia were 4.73/6.7 months (p = 0.003), 5.95/6.05 months (p = 0.443), 6.08/5.72 months
(p = 0.307), £17/5.95 months (p = 0.266), and 4.11/5.71 months (p = 0.157), respectively.

In the Kaplan-Meier analysis, patients with DM had significantly shorter survival
compared to patients without DM (HR 1.75 [1.20-2.58], p = 0.003, Figure 1).
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Table 2. Univariate analysis of survival in all patients.

Characteristic Median OS p-Value (Log Rank)
Age
<70 years 7.29(5.34-924) 0.001
=70 years 414 (2.43-5.85)
0.03
=70 6.70 (2.99-10.42)
<70 3.06 (1.16-4.95)
No. of brain metastases 0443
>3 5.55 (4.03-7.07)
<3 6.74 (4.63-8.84)
Tumor type 0.02
NSCLC 6.01 (3.93-8.09)
SCLC 5.52(3.2-7.84)
Breast cancer 7.46 (1.89-13.03)
Melanoma 9.53(3.73-15.32)
RCC 296 (1.73-4.18)
other 417 (284-55)
Diabetes mellitus 0.003
Yes 4.73 (2.81-6.65)
No 6.7 (4.5-8.89)
Arterial hypertension 0443
Yes 5.95 (4.29-7.61)
No 6.05 (3.51-8.58)
Smoking history 0.307
Yes 6.08 (3.96-8.20)
No 5.72(3.67-7.77)
PAOD 0266
Yes 417 (0-9.3)
No 5.95 (4.54-7.36)
Hypercholesterolemia 0.157
Yes 4.11(0-8.62)
No 0.71 (4.65-7.45)
10
08 Diabetes Mellitus
I ne
~yes
2
§ 06
8
2
z p=0.003
7 04
02-
00 o
Q 10 30 40 0 60
Morths

Figure 1. Survival after diagnosis of BM (Kaplan-Meier analysis and log-rank test).
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The presence or absence of other vascular comorbidities was not associated with
differences in survival (Table 2, Figure ZA=[).
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Figure 2. Survival according to vascular comorbidity (Kaplan—Meier analysis and log-rank test).
(A). Survival propability of patients with (red)/without (blue) arterial hypertension, (B). Sur-
vival propability of smokers (red)/non-smokers (blue), (C). Survival propability of patients with
(red) /without (blue) peripheral arterial ooclusive disease, (D). Survival propability of patients with
(red) /without (blue) hypercholesterolemia.

Patients with and without DM were compared to investigate potential confounders.
Patients without DM were vounger (p = 0.027), systemic tumor progression at time of
diagnosis of BM appeared somewhat but was insignificantly more frequent in patients
with DM (19.4% vs. 5.7%, p = 0.154). Otherwise, the distribution of KPS (p = 0.841),
histology (p = 0.606), number of BM (p = 0.792) and radiotherapy concept (p = 0.441) were
not different, a shown in Table 3.

3.4. Diabetes and Patient Aﬁe Are Independent Negative Prognostic Factors in Patients with Brain
Metastases Undergoing Radiotherapy

Multivariate Cox regression analysis was performed, including the following factors:
DM, age (<70, =70), KPS score (<70, =70), and number of BM (<3; >3).

DM (HR 192 [1.20-3.06], p = 0.006, Figure 3) and age >70 (HR 1.84 [1.18-2 89],
= 0.008) remained independently associated with worse 05, KPS <70 showed a trend (HR
144 [0.99-2.1], p = 0.058) towards deteriorated OS. No effect was seen for the number of
BM (HR 1.17 [0.8-1.70], p = 0.428), Figure 3.
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Table 3. Patient characteristics in patients with /without diabetes mellitus.

Characteristic n With DM Without DM p-Value
Age (years) 0027
=70 149 24 (61.5%) 125 (78.6%)
=70 49 15 (38.5%) 34 (21.4%)
KPS 0.841
<70 51 10 (34.5%) 41 (32.5%)
=70 104 19 (65.5%) 85 (67.5%)
Histology 0.606
MNSCLC 54 20 (51,3%) &4 (40.3%)
SCLC 20 4 (107%) 16 (10.1%)
Melanoma 28 2{5.1%) 26 (16.4%)
Breast cancer 20 3{7.7%) 17 (10.7%)
Colorectal - -
cancer 5 1{2.6%) 4 (25%)
ROC 19 5{12.8%) 14 (8.8%)
Other 2 4(10.3%) 18 (11.3%)
Mo, BM 0.792
<3 77 16 (44.4%) 61 (46.9%)
=3 B9 20 (55.6%) 69 (53.1%)
S‘I:.al:l]e systemic 0.154
disease
Yes 27 2{5.7%) 25 (19.4%)
No 71 17 (48.6%) 54 (41.9%)
B&F"d'lm‘ 66 16 (45.7%) 50 (38.8%)
Radiation
modality 44
SET alone 40 (1629 3 (21.99%)
WBRT £ SET 152 31 (83.8%) 121 (78.1%)
Multivariate analysis Hazard ratio | 95% Confidence Interval | p- Value
Moo of BM e 147 080-1.70 0428
KPS (<70, = T0) . 1.44 088-210 0,058
Ape (<T0,2T0) PR 1.84 118-2.69 0.D0E
Diabates mellilus S 1482 1.20 = 3.06 0006
0 1 2 3 ] 3 & 7 B ] 0
Hazard Retio

Figure 3. Multivariate analysis of survival, including relevant prognostic factors.

3.5. Diabetes Mellitus Is a Negative Prognostic Factor for Brain Melastases of Distinct Histologies

In order to further validate the negative prognostic impact of DM, univariate and
multivariate analyses were performed separately for the two most common primary cancer
tvpes in our cohort, e, NSCLC (84 patients) and melanoma (28 patients). In patients
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with NSCLC, the presence of DM was associated with poorer survival in the univariate
(HR 1.68 [0.97-2.93], p = 0.066) and multivariate analysis (HR 2.73 [1.33-5.63], p = 0.006,
Supplementary Figure S1). Age as an established important factor lost significance in the
analysis restricted to NSCLC (univariate: HR 1.54 [0.85-2.72], p = 0.151; multivariate: HR
1.31 [0.63-2.73], p = 0.475). The negative impact of lower KPS persisted (univariate: HR 2.47
[1.40-4.38], p = 0.002; multivariate: HR 2.85 [1.52-5.33], p = 0 001, Supplementary Table S1).

In the much smaller cohort of melanoma patients, a worse survival with DM appeared
from survival curves; however, in uni- and multivariate Cox regression, this was not
significant (multivariate: HR 4.62 [0.49-44.04], p = 0.183), and other factors were not
associated with differences in survival (Supplementary Figure S2 and Supplementary
Table S2).

4. Discussion

BM are a “special” complication of cancer in a special organ, often requiring specific
treatments. Accordingly, aspects like metastasis formation, metastasis growth, treatment,
resistance to treatment and prognosis need to be specifically addressed.

The formation of BM depends on the extravasation of tumor cells, perivascular tumor
cell growth, and the co-option of pre-existing vessels in a complex multistep process [33-35].
In addition, cerebral perfusion and oxygenation are crucial for the effect of local radiother-
apy on BM [36,37], and alterations in cerebral perfusion could also modulate the efficacy of
systemic treatment [38,39]. Taking into account this relevant interplay of BM formation and
treatment with vascular architecture, there is a strong need to more precisely understand
the effects of vascular risk factors that could influence development and prognosis of
BM. Cerebrovascular risk factors are frequent and often lead to chronic cerebrovascular
diseases [40,41]. Macro- and microvascular changes predispose to multiple complications,
including vascular stenosis, ischemic strokes, and small vessel disease of the brain [42,43].

Within this exploratory study, we examined if several frequent cerebrovascular risk
factors may have a prognostic effect in patients with BM treated with radiotherapy. Arterial
hypertension, smoking, PAOD, and hypercholesterolemia had no prognostic value both in
monovariate and multivariate analysis. Based on chart-based diagnoses in this moderately
sized cohort, this does not exclude minor individual effects, but a larger effect of these
frequent cerebrovascular risk factors in patients with BM seems unlikely. Coherent with our
results, a large retrospective study in 390 patients with lung cancer and BM, concerning the
effect of smoking, found that smoking status and pack-year history of smoking had no effect
onoverall survival; a trend for an increased risk of neurologic death in non-adenocarcinoma
patients who continued to smoke was postulated [44].

Beyond the functional effects of risk factors, existing structural vascular alterations
that have not been measured in this patient cohort might be more important.

It is known that small vessel disease of the brain can influence the number of BM,
potentially by reducing the accessibility of the less perfused brain areas [45-47].

The relevance of small vessel disease of the brain in patient prognosis should be
examined in future studies. The same is true for the presence of angiopathic alterations in
large cerebral vessels and history of ischemic vascular events/strokes.

In contrast to the other mentioned vascular risk factors, DM showed a strong indepen-
dent negative prognostic effect.

From clinical evidence, little is known about the prognostic effects of DM specifically in
patients with BM treated with radiotherapy thus far. In a smaller single-center retrospective
study, 81 patients with BM from breast cancer who were treated with stereotactic radiation
therapy were retrospectively analyzed regarding a prognostic effect of obesity and DM.
Patients with DM (1 = 17) had decreased median OS (11.8 vs. 26.2 months; p < 0.001) and
median intracranial PFS (4.5 vs. 10.3 months; p = 0.001) compared to non-diabetic patients
(n = 67). On multivariate analysis, both BMI > 25 kg / m? [HR 2.35 (1.39-3.98); p = 0.002] and
diabetes (HR 2.77 [1.454-5.274]; p = 0.002) were associated with increased mortality [48].
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A second retrospective single-center analysis of a larger cohort of patients with various
primary tumors (498 patients /48 patients with DM) reported results for stereotactic radio-
therapy [49]. DM was found to be a significant negative predictor of OS on multivariate
analysis (HR: 1.41, Cl: 1.02-1.95, p = 0.04).

Concurring with these two studies, our data support DM as an independent factor
associated with mortality in patients with BM. In the series by McCall and colleagues, only
patients with breast cancer were included, and in the work of LeCompte, several tumor
histologies with a focus on NSCLC were included [45,49]. Together with our results, a
tumor-independent effect concerning patients with disseminated malignancies is most
likely. With a HR of 1.92, our results appear to be within the range of those from the cited
studies: 1.4-2.77 [45,49]. The negative effect appears to persist in different age groups
and treatment scenarios (McCall: younger patients with 80% WBRT [48], LeCompte: SRS
only [49]).

Concerning the reasons for a negative prognostic impact, both series contain valuable
information. While in the study by LeCompte, the major detriment appeared to arise from
systemic effects (death prior to distant brain failure earlier in diabetics vs. non-diabetics
(p = 0.04), in the series by McCall, median intracranial PFS was significantly reduced in
patients with DM [48,49]. Our study did not plan to analyze PFS but was restricted to OS
without providing reasons for death. Notably, we aimed to examine a patient cohort treated
with radiotherapy to BM prior to the widespread use of systemic treatments effective in
BM. With the more frequent use of immune checkpoint inhibitors or targeted treatments,
the prognostic relevance of DM in patients with BM might be less pronounced and should
also be examined in these patient cohorts.

We did not examine potential associations between DM and treatment-related toxi-
cities. However, the study of LeCompte et al. did not observe significant differences in
the incidence of radiation necrosis, radiation-induced edema, cerebrospinal fluid leak or
postoperative infection in patients with DM [49].

While clinical evidence of the negative effects of DM in BM is limited, it is better
known for its negative effects on cancer patients with regard to different primary tumors.
DM contributes to increased mortality from colorectal cancer, liver cancer, pancreatic cancer,
breast cancer, or lung cancer [22,50,51].

Several pathophysiologic aspects of diabetes mellitus type 2 interact with tumor
metabolism. According to clinical and preclinical evidence, hyperinsulinemia, hyper-
glycemia and a diabetes-associated chronic inflammatory state appear to be associated
with elevated cancer risk and mortality [50,52]. In a large prospective cohort study with
around 10,000 participants, hyperinsulinemia, even without manifest diabetes mellitus, was
associated with increased cancer mortality [53]. In a preclinical model, hyperinsulinemia
promoted metastasis in the lungs in a mouse model of Her2-mediated breast cancer [54].
Hyperglycemia itself leads to growth promotion and increased proliferation as tumors
mostly rely on anerobic glycolysis [55]. Glycolysis is facilitated by upregulated glucose
transporters (GLUTS) in tumor cells, enabling the facilitative entry of glucose into a cell. A
high rate of glucose can be consumed by malignant cells beyond that necessary for ATP
synthesis [56,57].

Hyperglycemia is thought to play a key role in tumor progression by reprogramming
glucose metabolism, stimulating cancer-associated inflammation, molecular alterations and
hypoxia [58-61]. It can also lead to therapeutic resistance through immunosuppression [62,63],
which contributes to poor outcomes in tumor patients [64].

An important mechanism in the interplay of diabetes mellitus and malignant dis-
ease is the overactivation of the receptor for advanced glycation end-products (RAGE).
RAGE is activated as a consequence of the increase in glycolysis, which enhances the
non-enzymatic glycation of proteins, leading to the formation of advanced glycation end-
products (AGEs) [55]. AGEs, particularly N-carboxymethyllysine [CML]-modified proteins,
were the first RAGE ligands to be identified [65]. The overexpression and activation of
RAGE is able to continuously fuel an inflammatory milieu in the tumor microenviron-
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ment [66,67]. Interestingly, the overactivation of RAGE as part of the S100A9-RAGE-
NF-kB-JunB pathway was discovered as a mechanism for the radioresistance of brain
metastasis [68]. Brain metastatic cancer cells from different primary tumors were found to
highly express S100A9 in the brain microenvironment, mediating resistance to radiotherapy
via the downstream activation of RAGE and NF-xB. S100A9 expression in human brain
metastasis from patients with lung cancer, breast cancer or melanoma negatively correlated
with the benefits of radiotherapy. The genetic or pharmacological targeting of S100A% via a
blood-brain-barrier-permeable inhibitor of its receptor (RAGE) sensitized brain metastasis
to irradiation in experimental models of brain metastasis as well as in patient-derived
organotypic cultures [658]. Together with other data concerning DM, it can be suggested
that DM/ hyperglycemia might confer radioresistance via RAGE activation—potentially
independently from S100A9—but might be reversed by RAGE inhibitors too (Figure 4). A
clinical trial exploiting the mechanism of RAGE inhibition as a means of radiosensitisation
is currently planned [69].
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Figure 4. Role of RAGE activation in BM and DM; EAGE can be activated by several mechanisms
including hyperglycemia and, via MF-xB, contributes to immunosuppression as well as local tumor
microenvironment and, eventually, the radioresistance of BM. RAGE activation can be reversed by
specific receptor inhibitors.

As a further molecular crosslink of altered glucose metabolism and treatment of BM,
a recent multiplex immunofluorescence study of resected BM samples from 33 patients
treated with radiotherapy and ipilimumab for BM of melanoma found a strong upregulation
of the glucose transporter GLUT 1 in BM associated with a prognostic detriment in these
patients [70].

It can further be speculated that DM or hyperglycemia is particularly relevant in BM
due to the constantly high perfusion of the brain and frequent use of corticosteroids for
the alleviation of neurologic symptoms. In other brain tumors like malignant glioma, a
significant prognostic deterioration through the use of dexamethasone was shown in large
pooled analysis [71].

From the existing data, both a systemic and local tumor-growth-promoting effect
appear likely, while alterations of cerebral blood vessels seem less plausible as a cause of
shortened survival.
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Our analysis carries the limitations of a monocentric retrospective series with potential
confounders. We tried to control many factors using a multivariate analysis, and the
frequency of several other factors like treatment type and the state of systemic tumor
control was not significantly different between patients with and without DM. However
due to the limited sample size, not all effects may have been detected.

Several important questions remain from ours and other studies. Firstly, a potential
direct negative correlation between survival time and serum glucose levels needs to be
analyzed further, as well as the potential effect of antidiabetic treatments, most preferably
in a prospective multicentric fashion. In our cohort, repeated serum glucose levels were
not consistently available. Secondly, dexamethasone use in patients with BM should be
monitored and correlated to blood glucose levels and outcomes. Furthermore, much more
specific research is needed to characterize diabetes-specific changes in brain metastasis
that might be prognostically and therapeutically relevant. In particular, a large-scale
comparative analysis between tumors /brain metastasis in patients with and without DM
should be performed to better understand biologic and prognostic differences. In the future,
prognostic scores for BM should most likely be expanded to include DM and potential
other factors.

5. Conclusions

DM seems to negatively affect survival time, but we did not find any general effect of
smoking, arterial hypertension, PAOD, and hypercholesterolemia on overall survival in
BM (multi-center validation pending). DM appears as a strong independent risk factor for
growth, microenvironment, and therapy resistance, probably not related to vascular effects
but more likely to pleiotropic effects. The correlation of blood serum levels to outcomes
and potential therapeutic implications (e.g., of RAGE inhibition) need to be evaluated in
patients with BM in future.

For now, the presence of DM appears potentially more relevant for patients’ survival
times than the choice of radiotherapy concept [72,73]. The focus of treating radiation
oncologists needs to shift more closely to this potentially influenceable patient condition.
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This Study, “Impact of Diabetes Mellitus on the Prognosis of Patients with Brain Metastases after
Radiotherapy”, aimed to investigate the impact of DM on the survival and treatment outcomes of
patients with BM. There have been several larger studies on the impact of diabetes on primary brain
tumors but there is limited research on patients with BM. To fill this gap, this study investigated the

impact of DM on the prognosis of patients with BM after radiation therapy.

BM are a common complication in cancer patients, primarily in advanced cancers such as lung, breast,
melanoma, and kidney cancer. Globally, approximately 20-40% of cancer patients experience BM
during the course of their disease, which worsen the patient's neurological condition and significantly
reduce survival rates. The prognosis of BM is generally poor, with the OS of patients ranging from 2 to
14 months on average, depending on the treatment strategy and several prognostic factors like patient

age, ECOG, number of metastasis and control of primary/systemic tumor.
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Within this retrospective cohort study of patients with BM who received either stereotactic
radiotherapy or whole-brain radiotherapy at a single institution, University of Leipzig Medical Center
between 2004 and 2016 were analyzed. Collected clinical characteristics included age, primary tumor
type, Karnofsky Performance Status (KPS), Number of BMs, and Presence of comorbidities: DM, arterial
hypertension, smoking status, hypercholesterolemia, and peripheral arterial occlusive disease (PAOD).
0OS was the primary endpoint, measured from BM diagnosis until death. OS was analyzed using Kaplan—
Meier survival curves with log-rank tests. Univariate and multivariate Cox proportional regression
models were used to identify prognostic factors for OS. The study provided a comprehensive
evaluation of clinical and demographic factors influencing survival in BM patients treated with

radiotherapy.

The median OS for the entire cohort of BM patients was 6 months (95% Cl: 4.49-7.40). The results of
the study showed that BM patients with DM had a significantly lower OS compared to BM patients
without DM. Patients with DM had a median survival of 4.7 months, compared to 6.7 months in those
without DM (p = 0.003). In contrast, the differences in survival for the other comorbidities were not
statistically significant: Arterial Hypertension: 6.0 months (with) vs. 6.1 months (without) (p = 0.443),
Smoking: 6.1 months (with) vs. 5.7 months (without) (p = 0.307), PAOD: 4.2 months (with) vs. 6.0
months (without) (p = 0.266), Hypercholesterolemia: 4.1 months (with) vs. 5.7 months (without) (p =
0.157).

A multivariate Cox-regression analysis was performed to evaluate the impact of established prognostic
factors and of DM in this patient cohort. The analyzed factors included DM, age, KPS, and the number
of BM. Among these, only DM and age 270 were independently associated with worse OS (p = 0.006
and p =0.008, respectively). To further investigate the role of DM in prognosis, subgroup analyses were
conducted for the two most common primary cancers of this cohort: NSCLC and melanoma. In NSCLC
patients, DM was associated with poorer survival in both univariate (p = 0.066) and multivariate
analysis (p = 0.006). However, in melanoma patients, DM was not statistically significant in either

univariate or multivariate Cox regression analysis (multivariate: HR 4.62 [0.49-44.04], p = 0.183).

This study indicates that DM is an independent prognostic factor that has a significant negative impact
on the treatment outcomes in patients with BM. Potentially improvements in the management of DM
may play a role in increasing the survival time of BM patients undergoing radiation therapy. A central
mechanism in the interplay between DM and malignant disease is the over-activation of the receptor

for advanced glycation end-products (RAGE) (Rojas et al. 2011). This receptor serves as a critical
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mediator, linking hyperglycemia-induced changes to tumor progression and treatment resistance. In
particular, RAGE-activation not only maintains a pro-inflammatory microenvironment, but also
contributes to radio resistance. Understanding of RAGE’s role in cancer biology may potentially

enhance treatment efficacy (Monteiro et al. 2022).

This study has several limitations due to its monocentric, retrospective design. A potential limitation
of this study is that there may be hidden confounding factors that may have influenced the results.
Even though a multivariate analysis controlled for many variables, it is recognized that not all potential

influences could be taken into consideration.

Several important questions require further investigation. First, a more precise evaluation of the
possible correlation between serum glucose levels and survival time is necessary, further effect of
antidiabetic treatments on the outcomes should be analyzed. Both questions are a current research
topic of our group. In a cohort of patients with closely monitored serum glucose levels a negative
prognostic effect of strong hyperglycemia was detected by Poudyal et al.. 67 patients with BM (16 with
and 51 without DM) were included. Patients with a mean fasting glucose of more than 7.8 mmol/I
(upper quartile) showed significantly shorter survival compared to patients of the lower three quartiles
(p =0.018). Further, maximum blood glucose levels of > 11.8 mmol/| (upper quartile) were associated
with shorter survival (p = 0.031) (Poudyal et al., unpublished under review). Mechanistically, further
research is needed to better understand the specific diabetes-related changes in BM that may have
prognostic and therapeutic consequences. In interventional clinical studies of patients with BM

knowledge of presence of DM as a confounder is recommended.
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