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Abstract Radiotherapy is often used in the management

of primary brain tumors, but late cerebrovascular risks

remain incompletely characterized. We examined the

relationship between radiotherapy and the risk of death

from cerebrovascular disease (CVD) in this population. We

used the Surveillance, Epidemiology, and End Results

Program to identify 19,565 patients of any age diagnosed

with a primary brain tumor between 1983–2002. Multi-

variable competing risks analysis and an interaction model

were used to determine whether receipt of radiotherapy

was associated with an increased risk of CVD-specific

death, adjusting for tumor proximity to central arterial

circulations of the brain. The median follow up in surviv-

ing patients was 12.75 years. Baseline characteristics were

similar in patients who did and did not receive radiother-

apy. Ten-year CVD-specific mortality in patients with

tumors near central arterial circulations who did and did

not receive radiotherapy were 0.64 % (95 % CI

0.42–0.93 %) versus 0.16 % (95 % CI 0.055–0.40 %),

p = 0.01. After adjustment for demographic, tumor-re-

lated, and treatment-related covariates, patients with

tumors near central arterial circulations were significantly

more likely to experience CVD-specific mortality after

radiotherapy (HR 2.81; 95 % CI 1.25–6.31; p = 0.01); no

association was observed among patients with more distant

tumors (HR 0.77; 95 % CI 0.50–1.16; p = 0.21). The

interaction model showed that tumor location was a key

predictor of the risk of radiotherapy-associated, CVD-

specific mortality (p-interaction = 0.004). Patients receiv-

ing radiotherapy for tumors near but not distant from the

central vasculature of the brain are at increased risk for

death secondary to CVD, which should be considered when

counseling patients.
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Introduction

Vascular disease is an increasingly recognized long-term

toxicity of radiotherapy [1]. This toxicity is particularly

devastating because it often occurs in patients who are

disease free with regard to the oncologic condition that

warranted the use of radiation. A large body of literature

pertaining to ischemic cardiovascular disease after radia-

tion therapy exists [1–5], yet less is known about cere-

brovascular disease (CVD). Most prior reports of CVD

after radiotherapy have either focused on the pediatric

population [6–9] or on adults with head and neck cancers

[10–12], and less is known about risks in the adult brain

tumor population. Previous studies in adults have focused

narrowly on the risk of CVD after irradiation of the pitu-

itary, with mixed conclusions [13–17].

Accordingly, we used the Surveillance, Epidemiology,

and End Results (SEER) Program to characterize the

impact of radiotherapy on CVD-specific mortality among

patients with primary brain tumors, and to identify popu-

lations at higher risk for the development of this late

toxicity.
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Materials and methods

Patient population

We used the SEER database to retrospectively identify

29,745 patients of any age diagnosed with a primary brain

tumor over a 20 year period between 1983–2002. Spon-

sored by the National Cancer Institute, the SEER program

collects and publishes cancer incidence, treatment, and

survival data from population-based cancer registries. The

program captures approximately 97 % of incident cancers,

and the tumor registries now cover approximately 28 % of

the United States population [18]. The first year of eligi-

bility for our study was 1983 given that certain covariates

utilized in our study are only available in SEER from this

point afterwards; 2002 was the last year of inclusion for

diagnosis to allow sufficient follow-up time to assess for

potential impact of radiotherapy on CVD-related outcomes.

Patients with glioblastoma were excluded given their short

median survival [19]. Patients who were diagnosed at

autopsy, had metastatic disease at diagnosis (including

spread to distant sites within the central nervous system),

were diagnosed with another malignancy prior to devel-

oping a primary brain tumor, or who had clinical infor-

mation that was not complete were excluded, leaving

19,565 patients eligible for analysis. Patients were con-

sidered to have received adjuvant radiotherapy if radiation

was administered within four and twelve months of diag-

nosis for patients diagnosed up to and after 1998, respec-

tively, per coding guidelines established by SEER [20].

Study design and statistical analysis

Baseline patient characteristics were compared with the t-test

for continuous variables (all were normally distributed) and

the Chi square test for categorical variables. Death due to

cerebrovascular disease, the primary endpoint of the study,

was displayed using cumulative incidence curves and com-

pared with Gray’s test [21]. Fine and Gray’s competing risks

regression [22] was employed to assess the impact of adjuvant

radiotherapy on CVD-specific mortality after adjustment for

the following covariates: age, gender, race (non-white vs.

white), median household income, educational status (per-

centage of adults C25 years of age with a high school edu-

cation), residence type (urban vs. rural), employment of

cancer-directed surgery to the primary site vs not, and tumor

histology. Income, education, and residence type were

assessed at the county level by linkage to the 2003 United

States Department of Agriculture rural–urban continuum

codes [23], 2000 United States Census [24], and 2004 small

area income and poverty estimates from the United States

Census, respectively [25]. Death due to cerebrovacular

disease included deaths attributed to occlusion/stenosis of

cerebral/precerebral arteries, intracranial hemorrhage, and

cerebrovascular disease that was ill-defined. The apriori

hypothesis was that radiotherapy would increase the risk of

CVD-related death for patients with tumors near the central

arterial circulations (i.e. those near the base of skull, including

the circle of Willis, carotid arteries, or the vertebrobasilar

circulation) but not patients with more remote tumors.

Therefore, an interaction model was employed in which the

adjusted impact of radiotherapy on CVD-specific mortality

was analyzed in patients with tumors near vs remote from the

central arterial circulations. Tumors near the central arterial

circulations were defined as those involving the brainstem or

infratentorial brain, as well as tumors that either originated

supratentorially and extended infratentorially or originated

infratentorially and extended supratentorially. Tumors

defined as distant from central arterial circulations included

those with cerebral primaries. Because some tumors of the

frontal or temporal lobe can be located in close proximity to

the central arterial circulations, a sensitivity analysis was

performed in which such patients were excluded.

The median follow up among surviving patents was

12.75 years (range 0.1–28.9 years). All p values are two

sided. The threshold of 0.05 was used to determine sig-

nificance. Statistical analyses were performed using SAS

version 9.3 (SAS Institute, Cary, NC). Competing risks

regression was performed using R version 2.15.2 (R

Foundation for Statistical Computing, Vienna, Austria).

This study was approved by our institutional review board;

informed consent was waived.

Results

Patient characteristics

Baseline and clinically relevant patient characteristics are

depicted in Table 1. Patients who received radiotherapy

were older than those who did not (p\ 0.001) although the

upper quartile of age was similar in both cohorts (59–98

and 60–99 years of age, respectively). In addition, patients

receiving radiotherapy were more likely to be male, white,

reside in rural environments, come from areas of higher

educational level, and not have surgery on the primary site,

although the magnitude of such differences was small. No

differences in county level income were seen between the

two cohorts.

CVD-specific mortality

Cumulative incidence curves displaying CVD-specific mortality

in patients with tumors near and distant from central arterial
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circulations, as stratified by receipt of radiotherapy vs not, are

depicted in Fig. 1. Among patients with tumors near central

vasculature, CVD-specific mortality was higher in patients who

did, vs did not, receive radiotherapy (p = 0.01, Fig. 1a). Among

this subset, estimates of 10- and 20-year CVD-specific mortality

in patients who did and did not receive radiotherapy were 0.64 %

(95 % CI 0.42–0.93 %) versus 0.16 % (95 % CI 0.055–0.40 %)

and 1.10 % (95 % CI 0.75–1.56 %) versus 0.39 % (95 % CI

0.16–0.81 %), respectively. Among patients with tumors distant

from the central vasculature, those receiving radiotherapy were

less likely toexperienceCVD-specificdeath (p = 0.01,Fig. 1b).

The multivariable Fine and Gray’s interaction-based

regression model (Table 2) indicated that, after adjustment

for baseline demographic, socioeconomic, tumor-related,

and treatment-related patient characteristics, patients with

tumors near the central arterial circulations displayed an

increased rate of CVD-specific mortality when treated with

radiotherapy vs not (hazard ratio [HR] 2.81; 95 % CI

1.25–6.31; p = 0.01). Conversely, there was no significant

association between receipt of radiotherapy and CVD-

specific mortality in patients with more distant tumors (HR

0.77; 95 % CI 0.50–1.16; p = 0.21). The impact of

radiotherapy on the risk of CVD-specific death was sig-

nificantly different depending on the relative location of the

tumor (p-interaction = 0.004). As a sensitivity analysis,

after patients with frontal and temporal tumors were

excluded, the analysis remained largely unchanged, with a

p-interaction of 0.01.

Table 1 Baseline characteristics in patients who did and did not receive radiotherapy

Variable No radiation (n = 7308)a Radiation (n = 12,257)a p

Age (mean with SD, years) 36.6 (26.5) 43.0 (21.7) \0.001

Income, USD, mean (SD)b 50,000 (9800) 50,000 (9600) 0.38

Percent that completed high school, mean (SD)b 81.4 (7.2) 82.0 (7.0) \0.001

Gender, N (%) \0.001

Male 3812 (52) 7092 (58)

Female 3496 (48) 5165 (42)

Race, N (%) 0.005

Non-white 1808 (25) 2817 (23)

White 5500 (75) 9440 (77)

Residency type, N (%) 0.03

Rural 687 (9) 1270 (10)

Urban 6621 (91) 10,987 (90)

Surgery to primary site, N (%) \0.001

No 2385 (33) 4649 (38)

Yes 4923 (67) 7608 (62)

Histology, N (%) \0.001

Astrocytoma 2093 (29) 5449 (44)

Pilocytic astrocytoma 1197 (16) 199 (2)

Oligodendroglioma 1021 (14) 1394 (11)

Mixed glioma 198 (3) 371 (3)

Ependymoma 1110 (15) 1662 (14)

Medulloblastoma/embryonal tumors 294 (4) 972 (8)

Nerve sheath tumors 23 (0) 14 (0)

Meningioma 347 (5) 216 (2)

CNS Lymphoma 526 (7) 1527 (12)

Germ cell tumors, cysts, and heterotopias 35 (0) 169 (1)

Chordoma/Chondrosarcoma 23 (0) 25 (0)

Other 441 (6) 259 (2)

Location, N (%) 0.002

Distant from central vasculature 4749 (65) 8230 (67)

Near central vasculature 2559 (35) 4027 (33)

CNS central nervous system, GTR gross total resection, N number, SD standard deviation
a Percentages may not add up to 100 due to rounding
b County-level estimates
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Fig. 1 Cumulative incidence of

CVD-specific mortality in

patients with tumors near

(Fig. 1a) and distant from

(Fig. 1b) central arterial

vasculature, stratified by the use

of radiotherapy vs not (p values

per Gray’s test). Key: black no

radiation; blue radiation. No

number, RT radiation

Table 2 Fine and Gray’s

multivariable competing risks

regression for CVD-specific

mortality with interaction term

between tumor location and

employment of radiotherapy

versus not

Variable Multivariable HRa (95 % CI) p

Age at diagnosis (per year increase) 1.04 (1.03–1.05) \0.001

Median household income (per 10,000 USD annual increase) 1.02 (0.81–1.29) 0.84

High school education (per 10 % increase) 1.16 (0.84–1.59) 0.38

Sex

Male Ref –

Female 1.47 (1.06–2.04) 0.02

Race

Nonwhite Ref –

White 0.68 (0.45–1.03) 0.07

Residency type

Rural Ref –

Urban 0.93 (0.51–1.70) 0.82

Surgical resection

No Ref –

Yes 1.23 (0.85–1.79) 0.27

Radiation therapy

Among patients with tumors near central vasculature 2.81 (1.25–6.31) 0.01b

Among patients with tumors distant from central vasculature 0.77 (0.50–1.16) 0.21b

CVD cerebrovascular disease, HR hazard ratio, ref reference, USD United States dollars
a Model also adjusted for tumor histology
b P-interaction comparing HR of 2.81 and 0.77 = 0.004
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Discussion

In this study, we examined the impact of radiotherapy on

CVD-specific mortality in a large cohort of adult and

pediatric patients with primary brain tumors, and identified

that radiotherapy significantly increased the risk of death

from CVD, compared to those patients who did not receive

radiotherapy. Tumor location modified this risk, wherein

patients with tumors near the central arterial circulations

were at risk for development of CVD-specific mortality

after receiving radiotherapy, whereas patients with tumors

distant from the central vasculature had no increased risk.

The results of our study are significant because CVD-

related mortality represents one of the few lethal long-

term toxicities of radiotherapy. Given the emphasis of

prior investigations on either pediatric patients [1–5] or

adults with head and neck cancer or pituitary adenoma [6–

9], our results contribute an important new finding to the

body of literature on radiotherapy-associated CVD. In

addition, most prior studies utilized an endpoint of CVD,

not CVD-specific mortality. Our use of the latter outcome

measure allowed us to identify CVD of highest impact,

especially as some CVD are clinically silent and detected

only on surveillance neuro-imaging [26]. In addition, the

use of a competing risks analysis, which has not been

commonly used in this body of literature, allowed us to

adjust for competing causes of death, such as death due to

tumor progression, which is particularly relevant for the

brain tumor population. For example, had a Cox propor-

tional hazards model been used for analysis, the results

would have shown an even larger effect of radiotherapy

on the primary endpoint (HR for association of radio-

therapy with CVD-specific mortality in the cohort with

tumors near central arterial circulations = 3.37; 95 % CI

1.56–7.26; p = 0.002) yet the magnitude of the associa-

tion would have been overestimated, given that patients

who die from other causes can no longer experience

CVD-specific mortality, which the Cox model does not

account for.

Among adults, prior investigations linking radiotherapy

to CVD have largely been conducted in patients with

head/neck cancers, such as squamous cell carcinomas of

the oropharynx [10, 12], in patients with pituitary adenoma

[13–17] and in patients with arteriovenous malformations

[27]. Haynes et al. evaluated 413 patients treated with

radiotherapy to the head and neck. Over the duration of the

follow up period, 20 patients experienced CVD

(2–146 months post-treatment). All patients who experi-

enced CVD were estimated to have received high doses of

radiation (generally C60 Gy), suggesting a link between

dose to the central arterial circulations in the neck and

CVD risk. The hypothesis connecting radiotherapy dose to

CVD risk is further supported by another SEER-Medicare

cohort analyzed by Smith et al., who found that definitive

but not adjuvant radiation was associated with an increased

risk of CVD in patients with head and neck cancers [11].

The authors point out that that the higher radiation doses

utilized in definitive radiation (up to 70–72 Gy) were

higher than those used in the adjuvant setting (generally

57–66 Gy) [11]. These findings are echoed in the pediatric

population, wherein a study of 4227 childhood cancer

survivors demonstrated that CVD mortality was elevated

among patients who received the highest radiotherapy

doses to the base of skull, but not among those who

received lower doses [28].

Among pediatric patients with brain tumors, prior lit-

erature suggests a relationship between receipt of radio-

therapy and CVD [6, 28, 29]. Mechanistically,

radiotherapy-related atherosclerotic changes in the arterial

wall, endothelial damage, subintimal fibrosis and hyper-

trophy, dysfunction of the elastic membrane, and thicken-

ing and fibrosis of the muscular wall may be the changes

that predispose patients to vascular compromise and

ischemic events [6, 7]. Large arterial occlusive vascu-

lopathy has been reported in several investigations of

childhood brain tumor survivors who received prior cranial

radiotherapy compared to those who did not, and is often

visualized using magnetic resonance angiography [9, 30–

32]. The impact of vascular dysfunction within the central

circulations of the brain in particular may result in the most

deadly of CVD [29, 33, 34]. Our results support the results

of prior investigations but also add to the body of literature

on the subject by suggesting a link between anatomic

proximity to the central arterial circulations in the brain

and risk of CVD mortality in adults, presumably through

higher radiotherapy dose received by the nearby vascula-

ture. For example, a prior study among 431 pediatric

patients found that dose received by the circle of Willis was

correlated with CVD risk [9], and another pediatric study

found the highest risk of cerebrovascular events occurred

in patients who received increasing radiotherapy doses

specifically to the prepontine cistern, which also abuts the

base of skull [28]. Our use of the CVD-specific mortality

endpoint and the interaction analysis based on tumor

location allowed us to identify a link between receipt of

radiotherapy, tumor location, and lethal CVD.

Several limitations of our study warrant mention. First,

SEER does not record CVD as isolated events; it only

records CVD-related mortality. Accordingly, rates of

CVD-specific mortality in our study were relatively mod-

est. Second, most patients in our study had malignant brain

tumors, as SEER did not incorporate large numbers of

patients with benign brain tumors until 2004. Given that

patients with benign tumors are less likely to die of their
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disease than patients with malignant tumors, they are at

greater risk of dying of other causes, like CVD. It is

therefore possible that our results underestimate the dele-

terious impact of radiation on CVD-related death in

patients with benign brain tumors. Third, SEER only

records radiation administration between 4-12 months after

diagnosis; patients who received radiation thereafter would

not have been recorded as having received radiation in

SEER. Therefore, the results of our study may be artifi-

cially biased towards the null, given that many patients

with low-grade malignant tumors may defer the use of

upfront radiotherapy in lieu of radiotherapy at the time of

disease progression [35]. Fourth, SEER does not record

details of radiotherapy, such as the dose/fractionation uti-

lized. We therefore used tumor location as a proxy of

radiation dose to the central arterial circulations. We have

no reason to suspect that patients with tumors near the

central vasculature received a higher dose of radiation than

tumors in other locations. In fact, given the proximity to the

brainstem and optic chiasm, it is possible tumors near the

central vasculature may have received slightly lower doses

of radiation, due to purposeful dose-sparing of nearby

critical structures. Further study will be required to

definitively assess the precise relationship between radia-

tion dose to the central vasculature of the brain and CVD-

related endpoints. Fifth, information relating to smoking

status or comorbidities such as hypertension, hyperlipi-

demia, diabetes are not available in SEER; we used a

robust multivariable model to adjust for other confounders,

including age. In addition, we would not expect patients

with brain tumors near the central vasculature to be sys-

tematically different with regard to comorbidities and

smoking status than patients with more distant tumors.

Regardless, radiotherapy may represent only one of several

risk factors for vascular damage in this patient cohort.

Lastly, it is possible that patients with frontal/temporal

tumors may have had primaries that were near the central

arterial circulations of the brain, which would also bias our

results towards the null. As a sensitivity analysis, however,

we excluded such patients from the analysis and the results

did not substantially change.

In conclusion, our study suggests that radiotherapy

carries a non-negligible risk of CVD-related death in

patients with tumors near the central arterial circulations.

This effect was not seen for tumors located elsewhere in

the brain. Radiation oncologists treating patients with pri-

mary brain tumors with reasonable life expectancies should

consider limiting high radiation doses to the central vas-

culature when possible. At-risk patients should be cau-

tioned about the risk of a radiotherapy-associated CVD

before and after receipt of radiotherapy, and dose to the

central vessels should be minimized. In such patients, other

comorbidities predictive for CVD, such as hypertension,

should be controlled optimally. Most importantly, the risk

of radiotherapy-associated CVD mortality should be fac-

tored in by clinicians when determining whether or not to

administer radiotherapy to patients with brain tumors

adjacent to central arterial circulations.
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