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The purpose of this review is to provide a sufficiently
detailed perspective on epidemiologic studies of primary
brain tumors to encourage multidisciplinary etiologic and
prognostic studies among surgeons, neuro-oncologists,
epidemiologists, and molecular scientists. Molecular
tumor markers that predict survival and treatment
response are being identified with hope of even greater
gains in this area from emerging array technologies.
Regarding risk factors, studies of inherited susceptibility
and constitutive polymorphisms in genes pertinent to car-
cinogenesis (for example, DNA repair and detoxification
genes and mutagen sensitivity) have revealed provocative
findings. Inverse associations of the history of allergies
with glioma risk observed in 3 large studies and reports of
inverse associations of glioma with common infections

Received 14 March 2002, accepted 28 June 2002.

" This work was supported by the National Cancer Institute Grants
RO1CA52689 to Margaret Wrensch, RO1CA70917001 to Melissa

Bondy, and PO1CA55261 to Victor Levin at The University of Texas
M.D. Anderson Cancer Center.

2 Address correspondence and reprint requests to Margaret Wrensch,
Department of Epidemiology and Biostatistics, Box 1215, 44 Page St.
Suite 503, University of California at San Francisco, San Francisco, CA
94102.

3 Abbreviations used are as follows: CBTRUS, Central Brain
Tumor Registry of the United States; Cl, confidence interval;
EGFR, epidermal growth factor receptor; EMF, electromagnetic
fields; GBM, glioblastoma multiforme; NOS, not otherwise
specified; OR, odds ratio; SEER, Surveillance, Epidemiology, and
End Results; SIR, standardized incidence ratio; SV40, simian
virus 40.

278 Neuro-Oncology OCTOBER 2002

suggest a possible role of immune factors in glioma gene-
sis or progression. Studies continue to suggest that brain
tumors might result from workplace, dietary, and other
personal and residential exposures, but studies of cell
phone use and power frequency electromagnetic fields
have found little to support a causal connection with brain
tumors; caveats remain. The only proven causes of brain
tumors (that is, rare hereditary syndromes, therapeutic
radiation, and immune suppression giving rise to brain
lymphomas) account for a small proportion of cases.
Progress in understanding primary brain tumors might
result from studies of well-defined histologic and molecu-
lar tumor types incorporating assessment of potentially
relevant information on subject susceptibility and envi-
ronmental and noninherited endogenous factors (viruses,
radiation, and carcinogenic or protective chemical expo-
sures through diet, workplace, oxidative metabolism, or
other sources). Such studies will require the cooperation
of researchers from many disciplines. Neuro-Oncology 4,
278-299, 2002 (Posted to Neuro-Oncology [serial
online], Doc. 02-011, August 27, 2002. URL <neuro-
oncology.mc.duke.edu>)

mated to be newly diagnosed in about 35,519

Americans in 2001 (CBTRUS, 2000). Epidemio-
logic studies enhance our understanding of this heteroge-
neous group of diseases in 2 ways. Descriptive studies
characterize the incidence of brain tumors and the mor-
tality and survival rates associated with them with respect
to histologic tumor type and demographic characteristics
of patients affected, such as their age, sex, and geographic
region. Analytic epidemiologic studies either compare the
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risk of brain tumors in people with and without certain
characteristics (cohort studies) or compare the histories
of people with and without brain tumors (case-control
studies) to provide information on a wide range of possi-
ble risk factors, including diet, smoking, alcohol, occupa-
tion and industry, exposure to ionizing or nonionizing
radiation, infections, allergies, head trauma, family his-
tory, and inherited polymorphisms in genes related to car-
cinogen metabolism, oxidative metabolism, and DNA
repair. Because of the relative rarity of brain tumors, most
of the analytic studies are case-control studies.

There is intensifying interest in understanding the
causes of brain tumors because the prognosis for patients
with glioblastoma and other tumor types remains grim
and because dramatic progress in the molecular classifica-
tion of tumors has led to the possibility of identifying eti-
ologically homogeneous subsets of tumors. Moreover, the
rapidly increasing characterization of potentially relevant
genes has created an opportunity to determine which
genes might make a person susceptible or resistant to
brain tumors and which genes might lead to a particular
sensitivity to etiologic environmental agents. The hope is
that such knowledge will eventually result in feasible
strategies for preventing brain tumors. Furthermore, such
genes might play a role in disease progression and sensi-
tivity or resistance to radiation or drug treatments.

Our goal is to foster and facilitate multidisciplinary
studies among surgeons, neuro-oncologists, epidemiolo-
gists, and molecular scientists by providing a current
overview of epidemiologic information on primary
brain tumors.

Methods of Literature Review

This article summarizes recent extensive reviews of brain
tumor epidemiology (Berleur and Cordier, 1995; Bondy
et al.,, 1994; Bunin, 2000; Davis and McCarthy, 2000;
Davis et al., 1999a; Inskip et al., 1995; Preston-Martin
and Mack, 1996; Wrensch et al., 1993, 2000a). In addi-
tion, we searched the terms [brain tumors or glioma or
glioblastoma or brain cancer| and [epidemiology or risk
factors] in MEDLINE for relevant articles published
between 1999 and 2001 to update the material. We
used the cancer registry and online sources for some of
the descriptive epidemiology data. For analytical epi-
demiology, we included case-control and cohort studies,
and in some cases, reports of laboratory findings. This
review is intended to cover major areas of
epidemiologic research on primary brain tumors and
highlights promising new areas of research into these
debilitating and often rapidly fatal lesions. It is not an
exhaustive review of all relevant literature.

Descriptive Epidemiology

Descriptive epidemiologic studies of brain tumors are

based on several regularly updated sources of informa-

tion, many of which are now available on the Internet.

Data sources include the following;:

e CBTRUS® (www.cbtrus.org), with statistics on both
primary malignant and benign tumors from 14 col-

M. Wrensch et al.: Epidemiology of primary brain tumors

laborating state cancer registries and on primary

malignant tumors from the SEER program 1973-

1996. This Web site also provides links to many can-

cer and brain tumor organizations that may be of

interest to health care professionals and brain tumor
patients.

¢ The North American Association of Cancer Registries
(www.naaccr.org), with data on the incidence of
malignant tumors from 19 states and 2 metropolitan
areas, covering about 45% of the population of the
U.S., and from 8 provinces and territories, covering
about 90% of the Canadian population, as well as
cancer mortality data from all U.S. states and Cana-
dian provinces and territories.

e The International Agency on Cancer Research
(www.iarc.fr), with statistics on the incidence of
malignant tumors and mortality rates from 5 conti-
nents.

e SEER program (www-seer.ims.nci.nih.gov), with inci-
dence, mortality, and survival statistics on malignant
tumors from a variety of U.S. metropolitan areas and
states collected since 1973.

Clinical data on brain tumors are also available from
the National Cancer Data Base (Fremgen et al., 1999).
Davis and Preston-Martin (1998) presented a review of
incidence and survival data, and in the thorough review
of the descriptive epidemiology of brain tumors, Davis et
al. (1999a) discussed in detail issues affecting the inter-
pretation of existing population data and the current
population patterns for occurrence of and survival from
brain tumors.

Primary brain tumors are among the top 10 causes of
cancer-related deaths (American Cancer Society, 1998).
Nearly 13,000 people die from these tumors each year in
the U.S. (CBTRUS, 2000). About 11 to 12 per 100,000
persons in the U.S. are diagnosed with a primary brain
tumor each year, and 6 to 7 per 100,000 are diagnosed
with a primary malignant brain tumor. Almost 1 in every
1300 children will develop some form of primary brain
tumor before age 20 years (CBTRUS, 1998). Between
1991 and 1995, 23% of childhood cancers were brain
tumors, and about one fourth of childhood cancer deaths
were from a malignant brain tumor (Legler et al., 1999).
During the same time period, malignant brain tumors
accounted for 1% of all newly diagnosed adult cancers and
for 2% of cancer-related deaths (Legler et al., 1999).
Glioma and other neuroepithelial tumors constitute 49%
of primary brain tumors, and meningiomas are the next
most frequent histologic type (27%). More information
and graphs of percent of tumors by histologic type and site
in the brain can be found at the CBTRUS Web site (http://
www.cbtrus.org/2001/2001products.htm).

Age and Sex of Patients

For all primary brain tumors, the patient’s average age at
onset is about 54 years. For glioblastoma and menin-
gioma, the average age at onset is 62 years (CBTRUS,
2000). Age distributions differ by tumor site and histol-
ogy type (Fig. 1), suggesting the likelihood of many dif-
ferent etiologic factors for the different histologic types.
For example, the incidence of meningioma increases with
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Fig. 1. Incidence rates of primary brain tumors by major neuroepithelial tissue and meningeal histologic types and age group, CBTRUS,
1992-1997. The category All Brain Tumors includes some specific types not individually shown (tumors of cranial and spinal nerves, heman-
gioblastomas, primary lymphomas, germ cell tumors, and tumors of the sellar region). The Astrocytoma category includes diffuse astrocytomas,
anaplastic astrocytomas, unique astrocytoma variants, and astrocytomas not otherwise specified.

increasing age, except for a slight decline in the 85 years
and older age group. Conversely, astrocytoma and
glioblastoma peak in incidence at age 65 to 74 years, and
oligodendroglioma at age 35 to 44 years. Some of this
variation may reflect differing diagnostic practices and
access to diagnosis in different age groups. It seems likely
that the duration of exposure required for malignant
transformation, the number of genetic alterations
required to produce clinical disease, or poorer immune
surveillance with advancing age may account for those
tumor types that increase in incidence with age. An
intriguing and as yet incompletely explained feature of
brain tumor epidemiology is a peak in incidence in young
children, some, but not all, of which is attributable to
medulloblastoma and other tumors of primitive neuroec-
todermal origin.

Meningiomas affect about 80% more females than
males; tumors of cranial and spinal nerves and of the sel-
lar region affect males and females almost equally; and
the remaining types of primary brain tumors are more
common in males than in females (Surawicz et al., 1999).
For example, gliomas affect about 40% more males than
females (Surawicz et al., 1999). A recent study from New
York state showed that the sex differential (greater inci-
dence in males) in glioblastoma began to be evident
around the age of menarche, was greatest around the age
of menopause, and decreased thereafter, suggesting that
female hormones may have a protective effect (McKinley
et al., 2000). Any comprehensive theory of the distribu-
tion and causes of brain tumors should explain the bio-
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logic and social factors that account for these consistently
observed sex differences.

Time Trends in Incidence and Mortality

Interpreting increases in incidence of primary malignant
brain tumors (particularly among the elderly) has been
complicated by and attributed mainly to improved diag-
nostic procedures with CT and MRI, a greater availabil-
ity of neurosurgeons, changing patterns of access to
medical care, diagnostic changes, and evolving medical
approaches toward elderly patients (Davis et al., 1997;
Helseth, 1995; Legler et al., 1999).

Two recent reports use the SEER incidence data and
the National Center for Health Statistics mortality data
(Legler et al., 1999; Smith et al., 1998) to characterize
time trends in primary malignant brain tumor incidence
and mortality rates. Among children under 14 years old
and adults 70 years old and older, incidence rates for
brain malignancies were significantly higher from 1991
to 1995 than from 1975 to 1979 (Legler et al., 1999). In
the 15- to 44-year-old age group, there were no meaning-
ful differences in overall rates between the 2 time periods,
and for people in the 45- to 64-year-old age group, rates
were actually somewhat lower for the more recent time
period. Examining the changes in the slope of the time
trends, Legler’s group attributed the quite dramatic time
trends for older age groups (including the 3-fold
increased rates for people aged 85 years and older) from
1975-1979 to 1991-1995 to increased MRI use and



physicians’ increased willingness to evaluate older
patients (Legler et al., 1999). There was an abrupt rise in
incidence rates from 1983 to 1986 for those under age
15 years combined with a decline in mortality rates for
this age group over that time period. In the absence of
any breakthroughs in therapies, this observation led
Smith et al. (1998) to propose that changes made in the
histologic classification of brain tumors around 1984-
1985 may have led to tumors previously classified as
“benign,” and, therefore, not counted among SEER cases
being classified as “malignant” (Linet et al., 1999).
Another explanation proposed is that the pediatric brain
tumor incidence rates may have been influenced by an
abrupt change in pediatric practice in the early 1980s
when doctors began to prescribe more acetaminophen
and less aspirin for children (Varner, 1999); although
aspirin was well established as a preventive for colon can-
cer, data did not exist to support a protective effect
against brain tumors (Smith et al., 1999). Another
hypothesis for the rise in 1983-1986 was that increased
use of MRI detected childhood brain tumors earlier in the
course of the disease; however, rates did not subsequently
decline as would be expected if this explanation were true
(Smith et al., 1999).

Examination of incidence rate time trends of high-
grade versus low-grade gliomas (classified by criteria
given in Prados et al., 1998) showed a near convergence
of rates of high-grade and low-grade gliomas among
people aged 15 to 44 years, but a dramatic divergence of
rates of high-grade (increasing or stable trends) and
low-grade (decreasing trends) gliomas among those
aged 45 years or older (Legler et al., 1999). Although
changes in diagnostic capabilities over the 20-year
period provided a plausible explanation, the possibility
exists that some factors might have emerged that may
provide some protection against low-grade tumors
(Legler et al., 1999).

Using data compiled by CBTRUS from 6 population-
based state cancer registries that collected information on
both benign and malignant brain tumors, Jukich et al. (2001)
showed that, from 1985 to 1994, incidence rates remained
more or less constant for medulloblastoma (and other primi-
tive neuroectodermal tumors), craniopharyngioma, menin-
gioma, and mixed glioma. Increased incidence rates for
glioblastoma, oligodendroglioma, and astrocytoma (exclud-
ing NOS tumors) were balanced by decreased incidence of
glioma—NOS, astrocytoma—NOS, and any brain tumor—
NOS, suggesting that the increases in specific gliomas may
have been artifactual. The increases noted for ependymomas,
nerve sheath tumors, and pituitary tumors could not be
attributed to diagnostic practice, and the authors recom-
mended further investigation of reasons for those increases.
In Sweden, incidence of childhood astrocytoma among those
aged 0-15 showed a statistically significant increase from
1973 to 1992, and increased more among girls than boys
(Hjalmars et al., 1999). Hjalmars et al. argue that since the
increase is largely confined to girls, diagnostic changes are not
likely to explain their finding. No increases were observed for
ependymomas, primitive neuroectodermal tumors, or
medulloblastomas.

Although environmental factors have been implicated
in some analytic epidemiologic studies, as discussed
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below, no risk factors accounting for a large percentage of
brain tumors have yet to be identified. For this reason, no
attempts have been made to explain the temporal trends
quantitatively on the basis of changes in environmental
factors. One intriguing possibility is that allergic condi-
tions, which have been increasing in incidence, might con-
fer protection against low-grade but not high-grade
gliomas (Schlehofer et al., 1999; Wiemels et al., 2002).
Diagnostic discrepancies abound for malignant brain
tumors, which further complicates attempts to character-
ize and interpret time trends. In a study of nearly 500
gliomas diagnosed in adults in the San Francisco Bay Area
between 1991 and 1994, Aldape et al. (2000) found a
good concordance of diagnoses between the initial report
and a uniform review by 1 neuropathologist for certain
categories of brain tumors, such as GBM (95%), but very
poor concordance for other categories, such as anaplastic
astrocytoma (57%) and astrocytoma (38%). Efforts to
standardize histopathologic characterization of these
complex tumors will facilitate interpretation of future
trends (Davis et al., 1997; Karak et al., 2000). At present,
comparisons across time periods or across studies are
problematic. Incidence rates may differ among studies
simply because of differences in definitions and method-
ologies, and registry data suffer from ascertainment
biases attributable to reporting differences and variability
in the availability of health care. For example, a recent
population-based study in 2 English counties found very
high brain tumor rates of 21 per 100,000 population, a
rate that was attributed to exhaustive case finding efforts
(20% of the cases had not been hospitalized) (Pobereskin
and Chadduck, 2000). The complexity of the anatomic,
pathologic, and clinical classifications of brain tumors is
itself problematic, and there is controversy about how
some tumor histologies, especially mixed tumor types,
may be classified correctly. In the future, this difficulty
may warrant increased use of genetic or other markers in
conjunction with neuropathologic diagnosis. Above all, a
uniform, accurate, and unbiased method for registration
of both benign and malignant brain tumors in adults and
children (Davis et al., 1997; Gurney et al., 1999) would
help clarify variations in the incidence of brain tumors.

Geographic and Ethnic Variation

Interpretation of geographic and ethnic variations in the
incidence of brain tumors is confounded not only by
ascertainment bias but also by inconsistent reporting.
Access to health care is one influential factor, as reported
rates for primary malignant brain tumors tend to be
higher in countries with more accessible and highly devel-
oped medical care (Inskip et al., 1995; Preston-Martin
and Mack, 1996). Among other influences are cultural,
ethnic, or geographic differences in risk factors. The inci-
dence rate for malignant brain tumors in Japan is less
than half that in Northern Europe. In the U.S., glioma
affects more whites than blacks, but the incidence of
meningioma is nearly equal among blacks and whites.
These differences cannot be attributed only to differences
between blacks and whites in their access to health care
or in diagnostic practices (Surawicz et al., 1999). The
absolute variation in brain tumor incidence rates from
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high-risk to low-risk areas in both the U.S. and the world
is about 4- to 5-fold. In contrast, 20-fold differences have
been observed for lung cancer and 150-fold differences
for melanoma (Inskip et al., 1995).

The Atlas of Cancer Mortality in the United States
(Devesa et al., 1999) shows higher death rates from malig-
nant brain tumor for 1970-1994 among white men and
women in Mississippi, Alabama, Arkansas, Tennessee, and
Kentucky, as well as parts of North and South Carolina,
Texas, Kansas, lowa, Minnesota, Michigan, North and
South Dakota, Wisconsin, Washington, and Oregon. Most
of New England, Arizona, New Mexico, Wyoming, south-
western Texas and Nevada had lower rates of death from
brain malignancies. As with international comparisons,
interpretation of these geographic differences is compli-
cated by variations in diagnostic and reporting practices.

Singh and Siahpush (2001) recently reported that
American-born men and women have lower mortality
rates for brain cancer, stomach cancer, and infections
than do foreign-born Americans. Foreign-born Ameri-
cans have lower overall mortality rates than do U.S.-born
Americans. In the San Francisco Bay Area, non-Hispanic
whites have higher incidence rates of brain malignancies
than do white Hispanics, blacks, Chinese, Japanese, and
Filipinos (Glaser et al., 1996). This is true for both males
and females. Chen et al. (2001) showed that, among
adults with astrocytic gliomas— GBM, anaplastic astro-
cytoma, and astrocytoma— diagnosed in the Bay Area
between 1991 and 1994, whites were less likely than
nonwhites to have tumors containing mutations in
TP53 gene exons 5-8 (13% versus 42%). Whites were
much more likely than nonwhites to have tumors that
accumulated p53 protein in the absence of demonstrable
TP53 mutation (74% versus 50%) and were somewhat
more likely to have tumors that neither accumulated p53
protein nor had mutations in the TP53 gene (13% versus
8%). Age- and sex-adjusted comparisons were statisti-
cally significant. This was the first such report and
clearly requires replication. For example, it is possible,
although it seems unlikely, that the diagnosis— rather
than the occurrence—of different molecular subtypes
varies by ethnicity. However, the findings, combined
with the intriguing findings of a much lower occurrence
of CDKN2A/p16™* deletion and mutation among
Japanese patients with glioma, compared with American
and European white patients (Mochizuki et al., 1999),
clearly suggest that further research into ethnic differ-
ences in molecular subtypes of gliomas is warranted.

Survival and Prognostic Factors

For all ages and all brain tumor types in the U.S., the
5-year survival rate is 20% (95% CI 18%-22%) (Davis
et al., 1998). Another survival measure of interest is the
conditional probability of survival to 5 years given sur-
vival the first 2 years (Davis et al., 1999b). In the U.S.
between 1979 and 1993, the conditional probability of
surviving another 3 years after survival to 2 years for all
patients with primary malignant brain and other tumors
of the CNS was 76.2% (95% CI 74.8%-77.6%), and for
patients with any tumor except glioblastoma, survival to
5 years after survival to 2 years was greater than 60%.
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Survival is known to be strongly related to patient age
and histologic type (Fig. 2) (CBTRUS, 2000). Patients
with GBM consistently have the poorest survival in all
age groups, and within any histologic type, older patients
have poorer survival than younger patients. As shown in
Fig. 2, the pediatric (under age 20 years) and younger
adult populations (age 20-44 years) have much better
survival than do older adults within each histologic type
of primary malignant brain tumor. An exception is
medulloblastoma or embryonal primitive tumor, which
rarely occurs in those over age 44 years. Among children,
those diagnosed before age 3 years have shown poorer
survival than do children diagnosed at ages 3 to 14 years
(Grovas et al., 1997). For all primary malignant brain
tumors combined, the 5-year survival rate in children
under age 14 years is 72%.

The very poor survival associated with most
gliomas has important implications for designing etio-
logic studies. For example, incident population-based
studies must often rely on proxy respondents because
of practical difficulties in identifying patients with
aggressive disease before death. Furthermore, interpre-
tations of associations for polymorphisms or other fac-
tors measured in blood or buccal specimens must
consider whether the associations reflect etiologic or
prognostic relationships between the factor and the
disease. This has led some investigators to ascertain
and interview cases in the hospital at the time of diag-
nosis or surgery, but such an approach can lead to dif-
ficulties in identifying appropriate controls to the
hospital-based series, and there may be epidemiologi-
cally relevant differences in types of cases treated at
different hospitals.

For all patients with meningioma—whether benign,
atypical, or malignant— overall survival rates are 81%
at 2 years and 69% at § years (McCarthy et al., 1998),
but for malignant meningioma only, the S-year survival
rate is 54.6%. As with other primary brain tumors,
patients who are older at diagnosis have poorer progno-
sis from meningioma. For patients with a benign tumor
that has been completely resected, the 5-year recurrence
rate 1s 20.5%.

Overall survival for primary malignant brain tumors
has not improved much since the early 1970s (Legler et
al., 1999), but this too varies by age and histologic type.
For example, there were modest gains in survival between
1975 and 1995 for people younger than 65 years, but vir-
tually no change in survival for patients aged 65 years
and older. Although little progress has been made in sur-
vival from glioblastoma in 20 years, 5-year survival rates
for patients with medulloblastoma increased 20% from
the 1970s to the 1980s. More recently, the rates have lev-
eled off (Davis et al., 1998).

Although no factors yet identified are as strong prog-
nostic indicators as age and histology, other factors have
been shown to influence survival. In all but 2 of 17 Euro-
pean countries, 5-year survival rates were somewhat bet-
ter for women with primary malignant brain tumors than
for men with the same tumors (20% versus 17%) (Sant et
al., 1998). The location of a tumor and the extent of
tumor resection are also factors predicting overall or pro-
gression-free survival (Curran et al., 1993; Davis et al.,
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Fig. 2. Two-year relative survival rates for primary malignant brain tumors by age group, Surveillance Epidemiology and End Results (SEER) data,
1973-1996. (Compiled by the Central Brain Tumor Registry of the United States.)

Table 1. Recent studies of tumor markers related to primary brain tumor survival

Tumor type

Molecular markers studied relating to survival/prognosis®

Reference

Glioblastoma

Medulloblastoma and other PNETs

Anaplastic oligodendroglioma

Astrocytoma (various grades)

! Patients aged < 55 years; EGFR overexpression in TP53 normal tumors
1 Ki-67 (MIB-1) labeling index
lCathepsin B expression in tumor endothelial cells
1 Ki-67 (MIB-1) expression
T TrkC mRNA
T Loss of chromosome 1p and 19q
| CDKN2A deletions
T p27kip1 expression

Simmons et al., 2001
Scott et al., 1999
Strojnik et al., 1999
Grotzer et al., 2001
Grotzer et al., 2000

Cairncross et al., 1998
Mizumatsu et al., 1999

Only studies that controlled for age and grade are included.

2] Expression is inversely related to survival; T expression is positively related to survival.

1999b; Horn et al., 1999; Lopez-Gonzalez and Sotelo,
2000; Nakamura et al., 2000).

Molecular and genetic markers within the tumors also
may have prognostic value (Cairncross et al., 1998;
Grotzer et al., 2001; Hagel et al., 1999; Huncharek and
Kupelnick, 2000; Mizumatsu et al., 1999; Simmons et al.,
2001; Strojnik et al., 1999) as summarized in Table 1. For
example, Simmons et al. (2001) recently showed a com-
plex relationship of survival with the patient’s age and the
p53 and EGFR characteristics of the tumor in 110
patients with GBM. Overall, there was no difference in
survival regardless of whether the tumor did or did not
overexpress EGFR, exhibit p53 immunopositivity, or
have p53 mutations. However, when they examined
those characteristics in patients younger or older than
median age, they found poorer survival among younger
patients whose tumors overexpressed EFGR but had nor-
mal p53 immunohistochemistry. They confirmed this

finding in an independent series of patients. Among chil-
dren with medulloblastoma or other primitive neuroecto-
dermal brain tumors, those with tumors staining highest
for Ki-67 (MIB-1) immunohistochemistry had statisti-
cally significant greater risk of progression and death
(Grotzer et al., 2001). However, S-year survival for
patients with primitive neuroectodermal brain tumors
expressing high levels of neurotrophin receptor TrkC
mRNA was 89% compared with 47% when low or no
levels of neurotrophin receptor TrkC mRNA were
expressed (Grotzer et al., 2000).

The devastating prognosis for most patients with
GBM demands research to determine factors influencing
long-term survival. In one such study of 689 patients with
GBM (Scott et al., 1999), only 15 patients survived
3 years or more. The youngest patients and patients with
a higher Karnofsky performance status at diagnosis were
more likely to be longer-term survivors. Patients with
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long-term survival tended to have lower Ki-67 labeling
index compared with controls. Of note is that 14 long-
term survivors whose initial diagnosis was GBM were
excluded from this study because further pathologic
review changed the diagnosis to malignant oligoden-
droglioma, malignant oligoastrocytoma, malignant
astrocytoma, or medulloblastoma.

Another important consideration relevant to progno-
sis and survival is the reason for progression from less
aggressive or benign tumors to more aggressive or malig-
nant tumors. According to James et al. (2002), the only
tumor types for which there is sufficiently convincing
data to propose specific alterations responsible for pro-
gression from lower to higher stage are those from astro-
cytoma to anaplastic astrocytoma to glioblastoma; p53
modifications are inversely related to stage, whereas
changes in p14*", EGFR, CDKN2A, and PTEN are more
common in higher-stage tumors. Clearly, there is still
enormous work to be done to systematically characterize
the molecular alterations in primary brain tumors and to
study the relationships of important modifications to eti-
ology, progression, and prognosis.

Prevalence Estimates

Prevalence rates reflect incidence and survival and shed
light on the extent of disease burden, especially for dis-
eases with relatively long survival (for example, menin-
gioma). Davis et al. (2001) recently published the first
available prevalence estimates of primary brain tumors
for the U.S. Primary benign brain tumors had an esti-
mated prevalence of 97.5 per 100,000 population for the
year 2000, emphasizing the need for further studies on
etiology and quality-of-life issues relating to these
tumors.

Analytic Studies of Risk Factors

There is little consensus about the nature and magnitude of
the risk factors for primary brain tumors. These tumors are
highly heterogeneous histologically. Definitions and classifi-
cations of tumors often differ from one study to another.
This, together with retrospective assessments of exposure to
risk factors and undefined latency periods, make for impre-
cise estimates of associations. These limitations also often
make it difficult to compare studies. Differences in the eligi-
bility criteria established for patients and control groups
and the use of proxies further complicate the synthesis of
results among studies. Moreover, certain biologic and phys-
iologic characteristics of the brain itself, such as the blood-
brain barrier, add challenges to determining the risk factors
for brain tumors. Table 2 summarizes categories of factors
that have been studied in relationship to primary brain
tumors. Most studies have been of primary malignant brain
tumors (which predominantly are gliomas), but increas-
ingly studies are reporting findings for meningiomas.
Because the numerous limitations mentioned above make it
difficult to briefly summarize whether or not many of the
factors studied are in fact related to primary brain tumors,
we refer readers to the text below for interpretations of the
nature of the associations found for these factors.

284 Neuro-Oncology OCTOBER 2002

Table 2. Factors studied in relationship to risk of primary brain
tumors of neuroepithelial tissue or meninges

Hereditary syndromes®: tuberous sclerosis, neurofibromatosis
types 1 and 2, nevoid basal cell carcinoma syndrome, and ade-
nomatous polyposis syndromes, Li-Fraumeni cancer family syn-
drome (inherited p53 mutations)

Family history of brain tumors

Constitutive polymorphisms in glutathione transferases,
cytochrome p450 2D6 and 1A17, N-acetyltransferase, ERCC1
and ERCC2, other carcinogen metabolizing, DNA repair, and
immune function genes

Lymphocyte mutagen sensitivity to gamma radiation
Prior cancers

Infectious agents or immunologic response: viruses (common
colds, influenza, varicella zoster virus, BK virus, JC virus, others),
Toxoplasma gondii

Allergies

Head trauma

Epilepsy, seizures, or convulsions
Drugs and medications

Diet and vitamins: nitrosamine/nitrosamide/nitrate/nitrite con-
sumption, calcium, food frequency, cured foods

Tobacco smoke exposures
Alcohol

Hair dyes and sprays
Traffic-related air pollution

Occupations and industries: synthetic rubber manufacturing,
vinyl chloride, petroleum refining/production work, licensed
pesticide applicators, agricultural work, others (see text),
parental workplace exposures

lonizing radiation: therapeutic®; diagnostic and other sources
Cellular telephones

Other radio frequency exposures

Power frequency electromagnetic field

Abbreviations: ERCC2, excision repair cross-complementing rodent repair deficiency,
complementation group 2 (xeroderma pigmentosum D).

*These are the only factors that have been proven to cause primary brain tumors of neu-
roepithelial tissue or meninges. Evidence for or against associations of other factorsis pre-
sented in the text.

Primary brain tumors are thought to develop through
accumulation of genetic alterations that permit cells to
evade normal regulatory mechanisms and escape destruc-
tion by the immune system. In addition to inherited alter-
ations in crucial genes that control the cell cycle, such as
TP53, those chemical, physical, and biologic agents that
damage DNA are suspected potential neurocarcinogens.
Unraveling the genetic, molecular, and cytogenetic errors
in primary brain tumors is important in determining their
pathogenesis. Cytogenetic and molecular studies have
shown tumor subtypes or patterns within the larger
homogeneous histologic categories, such as glioblastoma
or astrocytoma (Kleihues and Ohgaki, 2000). James et al.
(2002) recently summarized the genetic and molecular
changes thought to be causally related to primary CNS
tumor formation. Important modifications mentioned for
glioblastomas and anaplastic astrocytomas that occur in
5% to 40% of these tumors include EGFR amplification
and mutation, amplification of CDK4 or MDM2, and
deletion or mutation of TP53, RB, or PTEN. For astro-
cytomas, TP53 is deleted or mutated in 30% to 40% of



tumors. Chromosome 1p and 19q are deleted in 40% to
90% of oligodendroglial tumors. Chromosome 22 is
deleted in about 25% to 50% of ependymomas. Varying
proportions of medulloblastomas display amplification
of MYCN and CMYC and deletion or mutation of PTCH
or deletion of chromosome 17p. About 20% to 30% of
pilocytic astrocytomas have deletion of chromosome
17q. NF2 is deleted or mutated in about 40% to 50% of
meningiomas or schwannomas, and VHL is deleted or
mutated in about 15% of hemangioblastoma tumors.
This very brief summary emphasizes the enormous het-
erogeneity of molecular modifications within and
between histologic types of primary brain tumors and
indicates that the causal lesions identified thus far do not
account for a substantial proportion of cases in most his-
tologic types. However, as work continues in elucidating
patterns of molecular change with tumors, a more precise
classification of brain tumors might be developed, mak-
ing it possible to identify groups of tumors that are more
homogeneous than current histologic groupings with
respect to causal factors.

Hereditary Syndromes

Bondy et al. (1994) have reviewed the genetic and famil-
ial factors implicated in brain tumors. There is convine-
ing evidence that certain inherited genes may strongly
influence the risk of developing primary brain tumors. A
person who inherits such a rare gene or chromosomal
abnormality that greatly increases the chances of devel-
oping a tumor is said to have a genetic predisposition.
Some hereditary syndromes—such as tuberous sclerosis,
neurofibromatosis types 1 and 2, nevoid basal cell carci-
noma syndrome, and syndromes involving adenomatous
polyps—seem to pose a genetic predisposition to brain
tumors (Bondy et al., 1994). Narod et al. (1991) esti-
mated that genetic predisposition was a factor in only
about 2% of brain tumors diagnosed in children in Great
Britain. In a population-based study of 500 adults with
glioma in San Francisco (Wrensch et al., 1997), less than
1% had a known hereditary syndrome—1 had tuberous
sclerosis and 3 had neurofibromatosis. Although it is
thought that genetic predisposition is influential in rela-
tively few brain tumors (5%-10%; Narod et al., 1991),
the proportion may be underestimated because some
hereditary syndromes are not readily diagnosed and
because patients with a brain tumor are not routinely
referred to a clinical geneticist.

Discovery that some families with the hereditary Li-
Fraumeni cancer family syndrome inherited mutated TP53
led to studies revealing the importance of p53 in many
human cancers, including brain tumors (Nichols et al.,
2001). Li et al. (1998), reporting a population-based
study of adults who developed glioma, showed that more
patients whose tumors had TP53 mutations had a first-
degree relative affected with cancer (58% versus 42%),
and more had a personal history of a previous cancer
(17% versus 8%). Germline TP53 mutations have been
more frequently found in patients who have multifocal
glioma, glioma and another primary malignancy or a
family history of cancer than in patients with other brain
tumors (Kyritsis et al., 1994). One study designed to
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identify germline mutations in genes mutated, deleted, or
amplified in sporadic gliomas showed no evidence of
germline mutations of CDK4, p16, and p15 (Gao et al.,
1997). Currently, research in this area is focused on
determining the frequency of TP53 mutations in tumors
and on correlations between specific TP53 mutations and
specific exposures. Alterations in other important cell-
cycle regulators in tumors, such as p16, RB, and MDM2,
are also being evaluated.

Familial Aggregation

Although a disease that affects generations in a family
could suggest a genetic etiology, a family’s common expo-
sure to environmental agents may also influence the
development of the disease. Whereas some researchers
have reported significant familial aggregation of brain
tumors and of familial aggregation of brain tumors with
other cancers, others have not. The reported relative risks
of brain tumors among family members of brain tumor
cases range from nearly 1 to 10 (reviewed in Bondy et al.,
1994; Hemminki et al., 2000; Malmer et al., 1999; Wren-
sch et al., 1997). Similarly, not all studies of siblings, and
no studies of twins, have supported a simple genetic etiol-
ogy. In a family study of 250 children with brain tumors,
Bondy et al. (1994) showed with segregation analysis that
the small amount of familial aggregation was due to mul-
tifactorial inheritance and could not be due only to
chance. Segregation analyses of families of more than 600
adult patients with glioma showed that a polygenic
model best explained the pattern of occurrence of brain
tumors (de Andrade et al., 2001). Segregation analyses of
2141 first-degree relatives of 297 glioma families did not
reject a multifactorial model, but an autosomal recessive
model provided the best fit (Malmer et al., 2001). The
study estimated that 5% of all glioma cases were familial.
Grossman et al. (1999) showed brain tumors can occur in
families without a known predisposing hereditary disease
and that the pattern of occurrence in many families sug-
gests environmental causes.

Polymorphisms (Common Variations) in Genes
Relevant to Cancer Causation or Prevention

Given that available evidence suggests that only a
small proportion of primary brain tumors are likely to
be due to the effects of inherited rare mutations in
highly penetrant genes, investigators are beginning to
turn their attention to polymorphisms in genes that
might influence susceptibility to brain tumors in con-
cert with environmental exposures. Genetic alter-
ations that affect oxidative metabolism, detoxification
of carcinogens, DNA stability and repair, or immune
response are candidates that might plausibly confer
genetic susceptibility to brain tumors and other can-
cers. Studies of genetic polymorphisms and their influ-
ence on susceptibility to carcinogenic exposures have
focused mainly on cancers related to tobacco smok-
ing, but recent advances in genetic technology have
made possible the epidemiologic evaluation of poly-
morphisms potentially relevant to other cancers,
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including gliomas. Elexpuru-Camiruaga et al. (1995)
were the first to show that cytochrome p4502D6 and
glutathione transferase theta were significantly associ-
ated with an increased risk of brain tumor. Kelsey et
al. (1997) found that glutathione transferase theta
null genotype was associated only with an increased
risk of oligodendroglioma. Trizna et al. (1998) found
no statistically significant associations between the
null genotypes of glutathione transferase mu, glu-
tathione transferase theta, and CYP1A1 and risk of
gliomas in adults, but observed a nearly 2-fold
increased risk for rapid N-acetyltransferase acetyla-
tion and a 30% increased risk for intermediate acety-
lation. However, that finding was not confirmed in
another case-control study of adults with glioma
(Peters et al., 2001).

Chen et al. (2000) showed that patients with oligoas-
trocytoma were 4.6 times (95% CI 1.6-13.2) as likely as
controls to have AA or AC versus CC genotype in
nucleotide 8092 of ERCC1, but the OR of those geno-
types was about the same in patients with glioblastoma
and controls. Although this variant is a silent polymor-
phism (does not lead to an amino acid change), it might
affect ERCC1 mRNA stability, and the same polymor-
phism leads to an amino acid substitution of lysine to glu-
tamine in a nucleolar protein and T-cell receptor complex
subunit. Using the same populations as those reported by
Chen et al. (2000), Caggana et al. (2001) found the AA
genotype (C to A polymorphism [R156R]) of ERCC2 to
be statistically significantly more common than the CC or
CA genotypes in patients with glioblastoma, astrocy-
toma, or oligoastrocytoma than in controls. This variant
is also a silent polymorphism, suggesting that another
gene linked to it, but not this one, may account for the
associations observed. Moreover, as genotyping data
from blood tests were not available for those patients
with the poorest survival in this population-based study
of gliomas, it is not certain whether these polymorphisms
were related to survival or to etiology. Further work is
clearly warranted to confirm or refute these provocative
findings. Larger studies may be needed, as chance can
play a role in falsely identifying or failing to identify asso-
ciations, especially when sample sizes are small.

Mutagen Sensitivity

Bondy et al. (1996, 2001) have shown that lymphocyte
mutagen sensitivity to gamma radiation is significantly asso-
ciated with a risk of glioma. A predisposition to cancer and
capability for DNA repair are related to cellular sensitivity
to radiation, both in vitro and in vivo. Although the relation
of glioma development and mutagen sensitivity to radiation
requires further study, it may be that people sensitive to
gamma radiation are at an increased risk for developing
brain tumors. It is doubtful that any one polymorphism will
prove to be the prognostic marker for all brain tumors.
Other forms of mutagen sensitivity also might be important
in brain tumor susceptibility (Shadan and Koziol, 2000).
On that basis, efforts to establish the relation of genetic
polymorphisms to the development of brain tumors at pres-
ent are focused on developing panels of possibly relevant
polymorphic genes to integrate with epidemiologic data.
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Noninberited Endogenous, Infectious, and
Environmental Risk Factors

Not all of the noninherited risk factors consistently asso-
ciated with brain tumors are necessarily considered to
cause brain tumors (Table 1). For example, as discussed in
more detail below, epilepsy, seizures, and convulsions are
generally thought to be symptoms rather than causes of
brain tumors, and head injuries might lead to increased
detection of brain tumors rather than to the brain tumors
themselves. Furthermore, some factors have been studied
extensively with little suggestion of any real role. Details
about the many factors that may be associated with brain
tumors are given in more exhaustive summaries by Inskip
et al. (1995), Preston-Martin and Mack (1996), and
Davis and Preston-Martin (1998). Because many studies
of brain tumors have involved small numbers of cases,
many reported associations have lacked statistical signifi-
cance. The term “association” also does not connote
causality.

Prior Cancers

Malmer et al. (2000) reported increased risk of menin-
gioma among persons who had colorectal cancer
(SIR = 1.65 95% CI 1.3-1.9) and among women who
had breast cancer (SIR = 1.6 ; 95% CI 1.4-1.8). Teppo et
al. (2001) found that brain tumors were 3 times more
common than expected among people with small-cell
lung carcinoma and twice as frequent as expected among
people with adenocarcinoma. Common environmental
or susceptibility factors might explain these disease asso-
ciations. Wrensch et al. (1997) found that nearly equal
proportions of adults with glioma and controls reported
having had a cancer previous to glioma diagnosis (cases)
or before interview (controls) OR 1.0 (95% CI 0.7-1.5).

Infections

Several types of viruses, including retroviruses, papova-
viruses, and adenoviruses, cause brain tumors in experi-
mental animals, but with the exception of studies of
human immunodeficiency virus—related brain lym-
phomas (Gavin and Yogev, 1999; Taiwo, 2000), few epi-
demiologic studies have addressed the potential role of
viruses in causing human brain malignancies.

Between 1955 and 1963, an unknown proportion of
all inactivated and live polio vaccines distributed was
contaminated with SV40 (Fisher et al., 1999). Investiga-
tions of the relation between SV40 and cancer risk have
shown mixed results. In one case-control study, more
children with medulloblastoma than controls had been
exposed to SV40 in utero (Farwell et al., 1984). Among a
very large cohort of German children evaluated over a
20-year follow-up period, those inoculated with polio
vaccine contaminated with SV40 had a somewhat higher
occurrence of glioblastoma, medulloblastoma, and some
less common brain tumor types than did those not given
contaminated vaccine (Geissler and Staneczek, 1988). A
similar study in the U.S. showed no difference in the risk
of brain tumor between people who received SV40-
contaminated vaccine as a child and those who did not



(Strickler et al., 1998). However, a more recent study
(Fisher et al., 1999) showed that the rate of ependymoma
in the exposed cohort was 37% higher than that in the
unexposed cohort.

The relation of exposure to chicken pox virus (vari-
cella zoster virus) and the risk of brain tumors also has
been examined. A study in Finland (Bithell et al., 1973)
showed that more mothers of children with medul-
loblastoma than mothers of control children had
chicken pox during pregnancy. Wrensch et al. (1997)
found that in the San Francisco Bay Area, a statistically
significantly smaller proportion of adults with glioma
than controls reported having had either chicken pox or
shingles. We corroborated this observation with sero-
logic evidence indicating that cases were less likely than
controls to have antibody to varicella zoster virus
(Wrensch et al., 2001).

A study conducted in Greece showed an OR for
childhood brain tumors of 3.15 (95% CI 1.1-8.8)
for the mother’s exposure to influenza during the
index pregnancy (Linos et al., 1998). However, there
was no serologic confirmation, and the number of
case and control mothers exposed to influenza was
small (Fisher et al., 2000). Among 97 cases of adults
with glioma and 112 controls in Michigan (Fisher et
al., 2000), fewer cases had been treated for at least
one cold or influenza infection during 2 to 5 years
before diagnosis of the tumor than had controls dur-
ing the same time period, but more cases than con-
trols had received an influenza vaccination during
that time.

Most studies show a low frequency of the JC and BK
viruses in brain tumors (Davis and McCarthy, 2000;
Inskip et al., 1995). JC virus—a polyoma virus similar to
SV40—induces brain tumors in experimental animals
(Inskip et al., 1995) and infects more than 70% of the
human population worldwide (Del Valle et al., 2001). JC
viral sequences were detected in 11 of 23 (47%) medul-
loblastoma specimens (Krynska et al., 1999). A recent
study of several pathologic subtypes of brain tumor
showed the presence of viral early sequences in 69% of 71
samples tested (Del Valle et al., 2001). Immunohisto-
chemistry studies showed that 32.9% of 85 tumor sam-
ples tested contained JC virus T-antigen, which may be
able to inactivate some tumor suppressor genes such as
p53. One study (Cuomo et al., 2001) has shown the pres-
ence of human herpes virus 6 (HHV-6) DNA in 43 of 115
(37%) neoplastic brain tissues and in 10 of 31 (32%) nor-
mal brain samples. However, herpes virus 6 p41 antigen
was detected in neoplastic but not in normal brain tissue,
suggesting that herpes virus 6 may act as cofactor rather
than having a direct role in brain tumor development.
Much work is needed to decipher the role, if any, of these
and other viruses in human brain tumorigenesis.

Among nonviral infectious agents, Toxoplasma gondii
has been reported to cause gliomas in experimental ani-
mals (Berleur and Cordier, 1995; Wrensch et al., 1993).
Although one epidemiologic study (Schuman et al., 1967)
convincingly linked astrocytoma with antibodies to
T. gondii, a more recent study showed no association
with adult glioma, but did report an association with
meningioma (Ryan et al., 1993).
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Allergies

An international study of 1178 glioma and 331 menin-
gioma cases and 2493 controls from France, Germany,
Sweden, southeastern Australia, the western U.S., and
eastern and south central Canada showed an inverse asso-
ciation (OR 0.6; 95% CI 0.5-0.7) of allergic diseases
(asthma, eczema, and other) with glioma but not with
meningioma (Schlehofer et al., 1999). Various sources
and designs were used to ascertain cases and controls
matched for age and sex in the different sites, but all were
to some degree population-based sources. Glioma case-
versus-control ORs for history of any allergic disease
were statistically significantly less than 1.0 at 4 study
sites, were not statistically significantly less than 1.0 at 3
study sites, and were slightly greater than 1.0 at 1 study
site (Sweden). In contrast, meningioma-versus-control
OR:s for any allergic disease were not significant at any of
the study sites, being somewhat greater than 1.0 at
3 study sites, and somewhat less than 1.0 at 3 study sites.

Among 405 adults newly diagnosed with glioma from
1997 to 1999 in the San Francisco Bay Area and 402
population-based controls frequency matched for age,
sex, and ethnicity, fewer patients than controls reported
any allergy (72% versus 85%), and the OR was 0.5
(95% CI 0.3-0.7); for self-reported cases (n = 269), the
OR was 0.7 (95% CI 0.4-0.97); and for proxy-reported
cases, the OR was 0.3 (95% CI 0.2-0.5) (Wiemels et al.,
2002). Allergies to pollen, dairy products, and nuts were
reported by fewer patients (a statistically significant asso-
ciation) than controls and fewer patients than controls
also reported allergies to several other allergens. There
were no apparent trends with numbers or types of symp-
toms, severity of the allergy, or route of exposure to the
allergen. However, there was a statistically significant
inverse dose response of glioma with increasing numbers
of allergens. A recent report on 489 glioma, 197 menin-
gioma, and 96 acoustic neuroma cases and 7999 controls
with nonmalignant conditions seen at hospitals from 3
U.S. cities also found history of any allergy to be inversely
associated with glioma (OR = 0.7; 95% CI 0.6-0.9) but
not associated with either meningioma or acoustic neu-
roma (Brenner et al., 2002). This study also reported
inverse associations of autoimmune diseases (especially
asthma and diabetes) with both glioma and meningioma.
The independent replication of the finding of an inverse
association of history of allergies with glioma in 3 large
well-conducted series that used a variety of study designs
for ascertaining subjects suggests that further work to
understand the basis of the observed relationship is war-
ranted and might reveal a role for immunologic factors in
glioma genesis. The possible role of allergy medications
might also deserve further study.

Trauma and Head Injury

Head injury and head trauma have long been suspected
to be related to some types of brain tumors. Epidemio-
logic studies have helped sort out which types of tumors
are and are not likely to be associated with these condi-
tions. Case-control studies that compared controls with
adult glioma patients who had a history of head injury
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requiring medical attention found no evidence of an asso-
ciation (ORs range from 0.7 to 1.3; Wrensch et al.,
2000b). Somewhat higher relative risks have been
reported when any head injuries are considered (Ahlbom
et al., 1986; Burch et al., 1987; Choi et al., 1970; Codd et
al., 1990; Preston-Martin et al., 1989; Ryan et al., 1992;
Schlehofer et al., 1992), suggesting the possibility that
cases may have been more likely to recall minor head
injuries than controls. There has been more evidence of a
possible link between head injuries and meningiomas or
other brain tumors, such as acoustic neuromas (Inskip et
al., 1995, Preston-Martin and Mack, 1996), but case-
control reporting differences might explain the findings.
To overcome this reporting problem, Inskip and col-
leagues undertook a large cohort study of incidence of i.c.
tumors after hospitalization for head injuries in Denmark
(Inskip et al., 1998). There was no increased risk of
glioma or meningioma during an average of 8 years of
follow-up review, except during the first year. The
authors suggested that the increased incidence during the
first year after the injury could have been due to increased
early detection, but they did not observe a concomitant
decrease in cases in subsequent years. In an international
study of 1178 adults with glioma, 330 with meningioma,
and 2236 controls, Preston-Martin et al. (1998) reported
elevated ORs for meningioma in men with prior head
injury, especially among those with a 15- to 24-year
latency. The investigators found no or minimal associa-
tion of head injury with meningioma in women or with
glioma in either men or women. Some investigations have
found that, compared with control children, more chil-
dren with brain tumors have been reported to have had a
birth trauma or other head injury (Gurney et al., 1996);
however, recall bias may have been a factor accounting
for some of the reports.

Seizures

Patients with glioma are more likely than controls to
report having had epilepsy or seizures, even many years
before the tumor is diagnosed (Ryan et al., 1992; Wren-
sch et al., 1997). Although more patients with epilepsy
develop brain tumors than would normally be expected
(Clemmesen and Hjalgrim-Jensen, 1978; Olsen et al.,
1989; Shirts et al., 1986; White et al., 1979), determina-
tion of causality is problematic because seizures are often
a symptom of brain tumors that leads to diagnosis (Lote
et al., 1998). Pace et al. (1998) showed that 83% of
patients with astrocytoma, 46% with anaplastic astrocy-
toma, and 36 % with glioblastoma had seizures preopera-
tively. Even if seizures occured several years before
diagnosis of a brain tumor, it would be difficult to deter-
mine whether the seizures or the medications controlling
the seizures contributed to tumor risk.

Drugs and Medications

Few studies have investigated the association of
drugs and medications with the risk of brain tumors
(Preston-Martin and Mack, 1996). Few statistically
significant or consistent findings have been observed
in studies of brain tumor development in relation to
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prenatal exposure to fertility drugs, oral contracep-
tives, sleeping pills or tranquilizers, pain medica-
tions, barbiturates, antihistamines, neuroactive
drugs, or diuretics. Also, no strong associations
between headache, sleep, and pain medications have
been reported with respect to adult brain tumors,
and the reported associations were not statistically
significant.

Other Medical Treatments and Conditions

Brinton et al. (2001) reported a rather surprising find-
ing that women who received breast implants had a
significantly elevated risk of brain cancer. Leukemia
was also more frequent than expected in the cohort,
and the authors had no obvious explanations for this
intriguing finding. McCredie et al. (1999), reporting on
a variety of birth characteristics, found only use of
anesthetic gas during delivery to be associated with
childhood brain tumors. Strauss et al. (1999) reported
a very high risk of brain tumor mortality among people
with cerebral palsy.

Diet and Vitamins

N-nitroso compounds have been identified as neurocar-
cinogenic in experimental animals. Animal studies have
pointed mainly to nitrosamides rather than nitrosamines
in neurocarcinogenesis. Parents’ exposure to these com-
pounds as well as perinatal exposure may cause DNA
damage that might play a role in human brain tumor
development (see Berleur and Cordier, 1995; Preston-
Martin and Mack, 1996). Fetal exposure produces more
tumors in animals than does postnatal exposure.
Because tumor development may become evident only
long after exposure, it is conceivable that adult tumors
could result from prenatal or early postnatal exposure.
Assessing exposure to N-nitroso compounds is difficult
because they are extremely common in both endogenous
and exogenous sources, including food. Vegetables that
are high in nitrites also contain vitamins that may block
the formation of N-nitroso compounds. Amino acids
broken down from some food sources may be converted
to N-nitroso compounds by a nitrosating agent, such as
nitrites from cured meats.

Oxidants and antioxidants also have a role in causing
cancers and other degenerative diseases of aging (Ames et
al., 1993). Oxidants damage DNA in a cumulative man-
ner, and the damage is less readily repaired with age.
They derive from endogenous sources that include nor-
mal aerobic respiration, nitric oxide produced when cells
fight infections, and oxidative by-products of the
cytochrome p450 2D6 detoxification enzymes. Exoge-
nous sources, which are many and varied, include certain
foods, iron, and oxides of nitrogen in tobacco smoke.
Antioxidants— chemicals that remove or lower the con-
centration of oxidants—may minimize DNA or cellular
damage or may enhance DNA repair. Sources of antioxi-
dants include diets high in fruits and vegetables, antioxi-
dant vitamin supplements, and many endogenous
processes and enzymes.



Epidemiologic studies of diet and vitamin supple-
mentation have provided mixed support for the
hypothesis that dietary N-nitroso compounds, antioxi-
dants, or specific nutrients might influence the risk of
either childhood or adult brain tumors, as reviewed in a
number of reports (Berleur and Cordier, 1995; Preston-
Martin and Mack, 1996; Wrensch et al., 1993), includ-
ing some published more recently (Blot et al., 1999; Hu
et al., 1999; Kaplan et al., 1997; Lee et al., 1997; Lubin
et al., 2000; Tedeschi-Blok et al., 2001). In a review of
the relationship between childhood cancer and cured
meat in the diet, Blot et al. (1999) observed that most
studies found no statistically significant association
between the mother’s total consumption of cured meat
during the index pregnancy and the risk for developing
a brain tumor in the child, but more studies found pos-
itive rather than negative relationships. There was little
consistency in the relationship when individual cured
meats were investigated. Lubin et al. (2000) observed
no association of mother’s nitrate, nitrite, or vitamin C
intake during gestation and risk for a brain tumor in
the child. However, children with brain tumors had
higher consumption of vegetable fat than did controls
(OR = 1.4; 95% CI 1.1-1.7), and their mothers had
consumed more potassium during gestation than had
control mothers (OR = 1.4; 95% CI 1.0-2.0). Lee et al.
(1997) found that, compared with healthy controls,
adults — particularly men—who had a glioma consumed
a diet higher in cured foods and nitrites and lower in
vitamin C-rich fruits and vegetables. Hu et al. (1999)
observed that, in northeastern China, brain tumor
patients were less likely than controls to report con-
sumption of fruit, soybean products, lard, poultry, fresh
fish, and salted vegetables and had lower estimated
intake of vitamin E and calcium. Unfortunately, the
study analyses combined patients who had meningioma
with those who had glioma. In the San Francisco Bay
Area, Tedeschi-Blok et al. (2001) also observed that
women, but not men, with glioma had lower estimated
calcium intake (a statistically significant association)
than did controls.

Smoking

Although some carcinogenic components of tobacco
smoke cannot penetrate the blood-brain barrier,
N-nitroso compounds can, and it has been hypothesized
that they may be involved in the development of some
brain tumors. However, both a meta-analysis and a
review (Boffetta et al., 2000; Norman et al., 1996) found
no clear association between a mother’s smoking tobacco
during pregnancy and risk for a brain tumor in the child.
An only slightly higher median relative risk was associ-
ated with passive smoking exposures to the child or his or
her mother. The results from exposure to passive smoking
by the father suggested a slightly increased relative risk of
1.2 (95% CI 1.1-1.4) based on 10 studies (Boffetta et al.,
2000). Results of studies of adults suggest no important
contribution of tobacco smoking to risk of a brain tumor,
although Lee et al. (1997) and Burch et al. (1987) showed
increased risk of adult glioma with smoking unfiltered,
but not filtered, cigarettes.
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Alcohol

Alcohol consumption by the mother appears to have only
a slight association, if any, with the risk for childhood
brain tumors (Preston-Martin and Mack, 1996; Wrensch
et al., 1993). Of 3 studies, 2 showed a positive effect,
with a median risk of about 40% among offspring prena-
tally exposed to alcohol, but in only 1 of these studies
was the finding statistically significant. In China, Hu et al.
(1999, 2000) found that a greater proportion of fathers
whose children were born with a brain tumor reported
consuming hard liquor before the child’s conception than
did fathers of control children. In another recent study
from China, adults with meningioma or glioma were
more likely than controls to report consumption of beer
or other liquor (Hu et al., 1999). In aggregate, however,
the results for adults suggest no increased, and possibly a
decreased, risk for glioma with the consumption of beer
and wine. In a previous review by Wrensch et al. (1993),
4 of 8 studies cited relative risks of less than 1 for any ver-
sus no alcohol use.

Personal and Residential Chemical Exposures

A study done in Canada showed that more adults with
brain tumors than controls reported use of hair dyes and
hair sprays (Burch et al., 1987). Collectively, studies eval-
uating the mother’s exposure to cosmetics that contain
N-nitroso compounds have not shown a positive associa-
tion with a risk of childhood brain tumors (Preston-Martin
and Mack, 1996).

Studies of residential chemical exposures have focused
mainly on the relationship between prenatal and postna-
tal exposures to pesticide and pediatric brain tumors
(Preston-Martin and Mack, 1996). The associations of
pesticide exposures and the risk of childhood brain can-
cers have been recently summarized by Zahm et al.
(1999); 9 studies reported a statistically significant
increased risk of brain tumors and pesticide exposure;
5 studies showed nonstatistically significant elevated risk;
and 3 showed no associations. These results combine
studies that considered both prenatal and childhood
exposures. Presumptive pesticide exposures included the
mother using household insecticides or pesticides, the
father engaging in agricultural work, and the child having
contact with pets. Recall bias and reporting bias of statis-
tically significant studies are important caveats to con-
sider in evaluating these associations. Pogoda and
Preston-Martin (1997), in a large population-based
study, found a significantly increased risk of pediatric
brain tumors associated with prenatal exposures to flea
and tick pesticides. Because other pesticide exposures
were not associated, the authors thought that recall bias
by the mothers of children with brain tumors was not
likely to account for the link to flea and tick products.

A traffic-related air pollution study that used benzene
and nitrogen dioxide concentration as markers of air pol-
lution found no association between traffic density or
exposure to air pollutants and a risk of developing a
childhood brain tumor (Raaschou-Nielsen et al., 2001).
With regard to drinking water, in [owa, men with glioma
were more likely than controls to have drinking water
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from chlorinated sources (a statistically significant associ-
ation); similar results were not found for women (Cantor

et al., 1999).

Industry and Occupation

Associations between exposure to specific occupational
or industrial chemicals and the development of human
brain tumors have been difficult to establish. A compre-
hensive review of occupational risk factors for brain
tumors was published in 1986 (Thomas and Waxweiler,
1986), and despite the many studies done since, most of
the same issues remain relevant.

In many occupations and industries, workers are
exposed to neurotoxic or carcinogenic substances, or both,
in the form of lubricating oils, organic solvents, formalde-
hyde, acrylonitrile, phenols and phenolic compounds, and
polycyclic aromatic hydrocarbons. Some of those chemi-
cals induce brain tumors in experimental animals. Studies
of animals, most of them rats, show that the strain, the ges-
tational age, and the fetal versus adult status significantly
influence susceptibility to tumor development. These are
factors that often cannot be accounted for or generalized to
occupational cohort exposure studies. For example, brain
tumors are induced in animals by some compounds, such
as polycyclic aromatic hydrocarbons, only through direct
implantation, or transplacentally, and are not generally
induced through the inhalation or dermal exposures most
relevant to occupational groups. Moreover, workers are
seldom exposed simply to one chemical, and chemicals
may well interact with other chemicals to increase or
reduce risk. Even in the largest occupational cohort stud-
ies, the number of brain tumor cases is often too small to
permit meaningful subgroup analyses to detect damaging
chemicals, physical agents, work processes, or interactions.

For these reasons, no definitive association of brain
tumors with specific chemicals has been established, even
for known or putative carcinogens. Some pesticides and
other agricultural chemicals, such as organochlorides and
alkylureas combined with copper sulfates, have been sus-
pected because they induce cancer in experiments with
animals. According to a review by Bohnen and Kurland
(1995), however, case-control studies and cohort studies
of agricultural workers have produced negative or posi-
tive findings about equally often with regard to the risk
for brain tumors. In the meta-analysis of brain malignan-
cies and farming by Khuder et al. (1998), the 33 studies
yielded a relative risk of 1.3 (95% CI 1.1-1.6). Although
studies of workers in pesticide or fertilizer manufacturing
have not shown an unusual risk of brain tumors, 4 of
5 studies of pesticide applicators have shown an increased
risk of brain tumors with a nearly 3-fold median relative
risk (Bohnen and Kurland, 19935). In an occupational
study of women in the U.S., insecticide and fungicide
exposure was associated with a small but statistically sig-
nificant increased risk for brain tumors (OR 1.3; 95% CI
1.1-1.5) (Cocco et al., 1999). A recent study reported a
positive association between wheat-producing acreage
and brain tumor mortality in Minnesota, Montana, and
the Dakotas, suggesting a possible role of chlorophenoxy
herbicides employed in wheat agriculture (Schreinemach-
ers, 2000).
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The median relative risk of brain tumors found in stud-
ies of workers engaged in the production and processing
of synthetic rubber was 1.9 (Thomas and Waxweiler,
1986; Weiland et al., 1996). A recent study also showed
increased risks (Straif et al., 2000). In this industry, there
may be a causal connection to the risk of brain tumors
because by-products of synthetic rubber production, such
as coal tars, carbon tetrachloride, N-nitroso compounds,
and carbon disulfide, are thought to be carcinogenic.
Nonetheless, the results have been inconsistent.

Studies conducted in rats have shown that brain
tumors can be induced by vinyl chloride. Nine of 11 stud-
ies of workers involved in polyvinyl chloride production
have shown increased relative risks of dying from brain
tumors, with about a 2-fold median relative risk (Hagmar
et al., 1990; Thomas and Waxweiler, 1986; Wong et al.,
1991; Wu et al., 1989). A recent review of the association
between vinyl chloride and cancers indicated that the role
of vinyl chloride in the development of brain tumors is
still inconclusive (McLaughlin and Lipworth, 1999). A
large cohort study supports this notion, stating that mor-
tality from brain cancer has attenuated, but the role of
vinyl chloride is still unclear (Mundt et al., 2000). Using
exposure ranking as a proxy for actual dose showed no
association between vinyl chloride exposure and brain
cancer (Lewis, 2001). Another study also did not demon-
strate a relationship of brain tumors to extent of vinyl
chloride exposure (Simonato et al., 1991). However, in
reviews of animal studies that indicated neurocarcino-
genicity of vinyl chloride, there have been difficulties in
determining whether the tumors were primary or
metastatic (Rice and Wilbourn, 2000). Given this con-
cern, future plans for trying to understand the role, if any,
of vinyl chloride in causing human brain tumors need to
include reconsideration of the biologic plausibility of the
association and perhaps to consider more definitive ani-
mal studies.

Embalmers, pathologists, anatomists, and other pro-
fessionals exposed to formaldehyde appear to be at
increased risk of brain tumors, but such increased risks
were not observed for industrial workers with presumed
exposure (Blair et al., 1990). Although formaldehyde is
not considered an agent of human brain tumorigenesis on
that basis, other cofactors might obscure actual risk in
occupationally exposed workers and could create the
impression of increased risk in the exposed professional
groups (Thomas and Waxweiler, 1986).

The question of whether petrochemical, petroleum,
and oil production industry workers are at higher risk for
brain tumors is unresolved. More than 20 years of
research in this area has failed to yield conclusive answers,
although accumulated evidence suggests that a cautious
admission of the relationship between certain parts of the
petrochemical industry and increased risk is in order. Sus-
pected clusters of brain tumors were reported in several
Texas petrochemical plants in the 1970s. The Texas mor-
tality study was recently updated (Divine et al., 1999) and
continued to show excess risk of brain tumor in certain
occupations. Updates of studies of crude U.S. oil produc-
tion workers found a slightly increased risk of brain
tumors (Divine and Hartman, 2000), and a very large
meta-analysis found no overall increased brain cancer



mortality in petroleum workers (Wong and Raabe, 2000).
The preponderance of studies of workers in petrochemical
production and oil refineries have shown increased risks of
brain tumor mortality of 20% to 80% (Cooper et al.,
1997; Preston-Martin and Mack, 1996; Wrensch et al.,
1993). A recent study showed an increased risk (OR 4.9;
95% CI 0.6-42.2) for glioma among petroleum and gas
workers in the San Francisco Bay Area (Carozza et al.,
2000). Two recent studies of a suspected brain tumor clus-
ter in a petrochemical research facility found an excess of
benign brain tumors, but a deficit of brain cancer deaths
(Delzell et al., 1999; Rodu et al., 2001; Sathiakumar et al.,
2001). Although there appears to be a trend toward
increased risk among workers in some parts of the petro-
chemical industry, the lack of detection of a responsible
agent in more detailed studies confounds a causal connec-
tion. However, it may be that multiple exposures con-
tribute to the risk.

Scientists and biomedical professionals have also been
examined for brain tumor risk. Although patients with
glioma in the San Francisco Bay Area were more likely
than controls to be physicians and surgeons (OR 3.5;
95% CI 0.7-17.6; Carozza et al., 2000), no specific med-
ical specialty was singled out as being at increased risk for
brain tumors, and the results are compatible with chance.
It is possible that physicians were less likely to participate
as controls in that study. A study of a small number of
cases in Sweden showed that the SIR was slightly elevated
for male scientists (SIR 2.26), but no brain tumor cases
were observed among scientists not working in a labora-
tory (Wennborg et al., 1999). In a study of clinical labo-
ratory technicians, radiologic technicians, and science
technicians, the proportionate cancer mortality ratios for
brain tumors were not elevated (Burnett et al., 1999), but
another study did find nonsignificantly elevated risks
among biologic laboratory workers (Rachet et al., 2000).
Among men registered with the Brazilian Navy Insur-
ance, those who were health personnel showed an OR for
malignant brain tumor of 2.3 (95% CI 1.1-5.0) (Santana
et al., 1999).

Brain tumor risks among firefighters have been the
subject of several studies (Aronson et al., 1994; Demers et
al., 1991, 1992, 1994; Deschamps et al., 19935; Firth et
al., 1996; Golden et al., 1995; Guidotti, 1995; Ma et al.,
1998; Moen and Ovrebo, 1997; Tornling et al., 1994;
Vena and Fiedler, 1987). Although there is a possible
association, definitive conclusions have been limited by
studies with small numbers of cases and concomitant dif-
ficulties demonstrating increased risk with increased
numbers of years as a firefighter or with numbers or types
of fires fought.

Carozza et al. (2000) observed an increased OR for
glioma among artists in the San Francisco Bay Area (OR
1.9; 95% CI 0.5-0.6). Legal and social service workers,
shippers, janitors, motor vehicle operators, and aircraft
operators also had increased ORs in that study, but only
with a long duration of employment. In a study of
women, actors and directors appeared to have elevated
proportionate mortality rates for brain and CNS tumors
(Robinson and Walker, 1999).

A population-based study of 375 malignant brain
tumor cases and 2434 controls in lowa found statistically
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significant associations for 10 occupations and 11 indus-
tries among men and for 7 occupations and 6 industries
among women (Zheng et al., 2001). The occupations for
men included clergy, commodities salespersons, guards,
cleaning and building service, janitors and cleaners, mis-
cellaneous mechanics and repairers, construction and
extractive occupation supervisors, material moving
equipment operators, military occupation, and other
financial officers. For women, the occupations included
retail sales supervisors, retail sales occupations, com-
modities salespersons, record clerks, waitresses, farm
occupations, and general farm workers. The industries
for men included plumbing, heating and air conditioning,
roofing, siding, sheet metalwork, newspapers, rubber and
plastic products, tires and inner tubes, miscellaneous
manufacturing industries, electrical service, wholesale
trade of durable goods, wholesale trade of farm products,
wholesale trade of field beans, and gasoline service sta-
tions. For women, the industries included agriculture,
apparel and other textile products, electrical and elec-
tronic equipment, department stores, miscellaneous retail
and drug stores, and proprietary industries.

Brain Tumor Clusters in Occupational or
Residential Settings

Reports of brain tumors apparently arising in clusters of
people in an occupational or residential setting have often
raised concern. Investigations of brain tumor clusters can
be time-consuming and are often inconclusive because of
disease heterogeneity and unknown or inadequately char-
acterized exposures, latency periods, and/or base popula-
tions. We do not review the evidence for/against any such
cluster here. Davis et al. (1999a) provide some informa-
tion for computing expected numbers of cases. The Cen-
ters for Disease Control (CDC, 1990) also provides
guidance in evaluating disease clusters.

Parents’ Workplace Exposures

It is possible that parents’ exposure to carcinogens in
the workplace could increase the risk of cancer in their
children. A father’s exposures before conception might
damage his DNA, and a mother’s exposures might have
a direct impact on the developing fetus. Parents’ work-
place exposure to infectious agents could be transmit-
ted to the child, and children could be exposed to
chemical carcinogens that might remain on a parent’s
skin or clothing. However, there is no definitive evi-
dence of such exposures causing brain tumors. Limita-
tions in studies include small population sizes, multiple
or rare exposures, confounding factors, and insufficient
follow-up data. Wrensch et al. (1993) reviewed 16
studies published before 1993 concerning the relation
of parents’ occupations and childhood brain tumors.
They found that significantly elevated risks of child-
hood brain tumors were reported for fathers working
with, or working in, industries involving paper and
pulp, solvents, painting, printing and graphic arts, oil
or chemical refining, farming, metallurgy, and air and
space. Nonetheless, there have also been reports of neg-
ative findings among employees in aerospace industries,
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and several studies of parents’ working with hydrocar-
bons have shown no associations with risk of child-
hood brain tumors. A few positive studies relating an
increased risk of childhood brain tumors with mothers’
prenatal or postnatal exposures are contradicted by
several other studies showing no such relation. No con-
clusions can be drawn from those studies because of a
lack of specificity about the exposures in the positive
studies and an insufficient sample of exposed mothers
in the negative studies.

A recent Norwegian study (Kristensen et al., 1996)
showed a significantly elevated incidence of brain
tumors (60%) in children whose parents were pig farm-
ers, but nonsignificant elevations for parents working in
chicken farming, grain farming, horticulture, or other
jobs involving pesticide use. The results were stronger
for children who probably grew up on a farm as well as
having parental exposure and were also stronger for
nonastrocytic neuroepithelial tumors (choroid plexus
papillomas, ependymomas, oligodendrogliomas, medul-
loblastomas, gangliogliomas, and neuroblastomas) than
for astrocytomas. Holly et al. (1998) reported elevated
risks of childhood brain tumors associated with mater-
nal exposures during pregnancy to pigs, horses, or poul-
try on a farm.

Ionizing Radiation

Therapeutic ionizing radiation is a strong risk factor for
brain tumors (Hodges et al., 1992; Preston-Martin and
Mack, 1996; Socie et al., 2000; Wrensch et al., 1993). Rela-
tively low doses of radiation used to treat tinea capitis and
skin hemangioma in children or infants have been associ-
ated with relative risks of 18 for nerve sheath tumors, 10 for
meningiomas, and 3 for gliomas (reviewed in Preston-Mar-
tin and Mack, 1996; Karlsson et al., 1998). Radiation for
treatment of the nasopharynx for adenoid hypertrophy was
associated with a very large though not statistically signifi-
cant relative risk of 14.8 (95% CI 0.8-286.3; Yeh et al.,
2001).

One study showed a high prevalence (17%) of prior
therapeutic irradiation among patients with glioblastoma
(Hodges et al., 1992), and another reported an increased
risk of glioma or other brain tumors in patients who had
undergone irradiation for acute lymphoblastic leukemia as
children (Salvati et al., 1991; Shapiro et al., 1989). An ele-
vated risk of subsequent primary or recurrent brain tumor
has also been observed after radiation therapy for child-
hood cancer other than leukemia (Little et al., 1998;
Loning et al., 2000). Neglia et al. (1991) reported a relative
risk for CNS tumors of 21.7 (23 tumors observed versus
1.1 expected; P < 0.05; no CI given) among children
treated with irradiation for acute lymphoblastic leukemia.
Second primary brain tumors also occur more frequently
than expected especially among patients treated with
radiotherapy (Salminen et al., 1999).

A study of survivors of the atomic bombing of
Hiroshima showed a high incidence of meningioma cor-
relating with the dose of radiation to the brain (Shintani
etal., 1999). The incidence increased with closer distance
to the hypocenter. The role of prenatal exposure is
unclear. Japanese studies of atomic bomb survivors have
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not shown an increased risk of brain tumors among those
who were exposed in utero (Preston-Martin and Mack,
1996), whereas some studies have shown a 20% to 60%
increased risk of childhood brain tumors due to prenatal
exposure to radiation. Parents’ exposure to ionizing radi-
ation before conception of the affected child has not been
shown to be associated with an increased risk of child-
hood brain tumors (Preston-Martin and Mack, 1996).
Diagnostic radiation techniques have not been associated
with an increased risk of glioma. The San Francisco Bay
Area Adult Glioma Study showed that neither nondental
diagnostic X-rays focused to the head and neck nor dental
visits and procedures contributed to the risk of developing a
glioma (Wrensch et al., 2000b). For meningioma, 3 studies
showed a greater than 2-fold increased risk after exposure to
dental X-rays (Preston-Martin and Mack, 1996), and the
studies showed a stronger effect for X-rays taken in the more
distant past, suggesting either that there was a latency period
or that exposures may have been higher in the past.
Nuclear facility employees and nuclear material pro-
duction workers may have an elevated relative risk of 1.2
(95% CI 0.8-2.0) for brain tumors (Loomis and Wolf,
1996), but confounding or effect modification by chemi-
cal exposures makes interpretation of causality difficult.
A large cohort of U.S. nuclear workers was recently re-
examined and again shown to have about 15% increased
risk of brain tumors (Alexander and DiMarco, 2001).
There is no consensus about the risk of malignant brain
tumor among pilots, although some believe that exposure
to cosmic radiation at high altitudes may contribute to a
brain tumor risk (Gundestrup and Storm, 1999; Wrensch
et al., 1993). However, a recent study of British Airway
flight deck workers did not show statistically significant
mortality from brain tumors (Irvine and Davies, 1999).

Cellular Telephones and Radio Frequency EMFs

Concern over possible health effects of using cellular
telephones has prompted studies looking at the rela-
tion between cell-phone usage and an increased risk
of brain tumors. Two case-control studies and a
cohort study suggest that there is no association.
Muscat et al. (2000) observed no association between
duration of cell-phone use and brain tumor incidence.
Moreover, no brain tumor site or histology was asso-
ciated with the use of handheld cell phones (Muscat et
al., 2000). However, the authors noted that the brain
tumors most often occurred on the same side of the
head as the ear used for the cell phone (Muscat et al.,
2000). Inskip et al. (2001) showed that the relative
risks of any use of a cell phone was 1.0 (95% CI 0.7-
1.4) for patients with glioma, 0.8 (95% CI 0.5-1.2)
for those with meningioma, and 0.8 (95% CI 0.5-1.4)
for those with acoustic neuroma. The relative risk did
not increase with increased duration of cell-phone use
or increased cumulative hours used. An earlier study
also showed no association between cell-phone use
and brain tumors (Hardell et al., 1999). In a cohort
study in Denmark, Johansen et al. (2001) observed no
excesses of brain or CNS cancers due to cell-phone
usage. One recent case-control study suggested an
increased risk of brain tumor on the same side of



usual phone use (Hardell et al., 2001), reporting an
OR of 2.4 (95% CI 0.97-6.0) for ipsilateral cell-
phone use for temporal, temporal-parietal, and occip-
ital areas of the brain. But the finding was based on
only 13 cases, and there was no association for ipsi-
lateral phone use with tumors of the frontal, pari-
etofrontal, parietal, or parietal-occipital areas or for
brain hemisphere.

With the expanding prevalence of wireless communi-
cation technologies, radio frequency exposure is an
important concern. Analog cellular telephone radio fre-
quency signals operate in the range of 800 to 900 MHz,
whereas newer digital phones operate in the range of
1600 to 2000 MHz (Morgan et al., 2000). In a mortality
study of employees of Motorola, a manufacturer of wire-
less communications products, there was no association
between occupational radio frequency exposure and
occurrence of brain malignancies (Morgan et al., 2000).
Krewski et al. (2001) summarize recent research on the
effects on health of radio frequency fields.

Although current reports show no apparent associa-
tion between cell-phone usage and brain tumors, it may
be important to continue study in this area because cell-
phone usage is becoming increasingly common. Many
studies were conducted during a time when analog phones
were the predominant type of cell phone, compared with
digital phones today. Total duration of phone use was
lower, and the number of cell-phone users was smaller.
Moreover, long-term studies are probably needed because
some brain tumors may take a long time to develop.

Power Frequency EMFs

The potential health effects of power frequency (50-60 Hz)
EMFs have received substantial public and scientific
attention. The interest arises from residential studies
showing increased risk of brain tumors and leukemia in
children whose homes have high EMF exposures. Occu-
pational studies also have shown that presumably
exposed workers have higher incidence and mortality
rates associated with brain tumor. Recent meta-analyses
of occupational studies suggest a statistically significant
increased risk of 10% to 20% for brain malignancy
among electrical workers (Kheifets et al., 1995; NIEHS,
1999). Three recent occupational studies reported an
association among EMF-exposed workers (Minder and
Pfluger, 2001; Robinson et al., 1999; Savitz et al., 2000),
and others did not (Floderus et al., 1999; Johansen and
Olsen, 1999). Studies have not found an association
between maternal EMF exposure and brain tumors in
their children (Feychting et al., 2000; Sorahan et al.,
1999). Although one meta-analysis has shown a non-
significant 50% increased risk of brain tumors for chil-
dren living in high as opposed to low wire-coded homes
(Meinert and Michaelis, 1996), a comprehensive assess-
ment of childhood brain tumors in relation to residential
EMF concluded that the evidence did not support an
association (Kheifets et al., 1999). Although there is no
proof that EMF does not influence the risk of brain
tumors, no causal connection has been established.
Methodologic and conceptual issues of equivalency make
it especially difficult (and perhaps impossible) to prove
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the existence of no association between power-frequency
EMFs and brain tumors. A definitive resolution to the
question of whether EMF exposure causes brain tumors
remains elusive for this and a variety of other reasons, as
discussed by us (Wrensch et al., 2000a) and others (Blet-
tner and Schlehofer, 1999; NIEHS, 1999; Wrensch et al.,
1999). A primary reason given against a causal relation
between EMF exposures and brain or other tumors is
lack of convincing biologic plausibility of effect. How-
ever, 2 recently published studies suggest that residential
EMF exposures may depress the normal levels of noctur-
nal melatonin production, and melatonin is thought to
have oncostatic effects (Davis et al., 2001; Levallois et
al., 2001).

Directions for Future Studies

Primary malignant brain tumors clearly represent a heteroge-
neous group of diseases. Therefore, a workable consensus on
classification and increased use of molecular tumor markers
in concert with improved surveillance and registration are
necessary to characterize homogeneous subgroups of the
many heterogeneous categories of primary brain tumors. For
example, the recently elucidated distinction between “de
novo” and “progressive” glioblastomas has significant impli-
cations for epidemiologic research (Kleihues and Ohgaki,
2000). This concept and others reinforce the notion that
GBM is not one but probably many diseases that must be dis-
tinguished if progress is to be made in determining etiology.
Molecular characterization of tumors may help to disentan-
gle causes of subtypes of glioma by enabling researchers to
group tumors with similar molecular lesions. Use of rapidly
developing technology to examine arrays of either gene or
protein expression (if it can be applied to paraffin-preserved
tissue, so that large numbers of samples from epidemiologi-
cally well-characterized series can be studied) may help to
categorize tumors into more homogeneous groups with
regard to lesions of etiologic or prognostic importance. A
major challenge to interpreting this information (as with
information about tumor markers obtained from more con-
ventional methods) will be deciphering which alterations
represent early changes of potential etiologic significance and
which represent later changes that may have serious prog-
nostic consequences. Genetic and molecular epidemiologic
methods to collect and define pertinent subject data from
well-defined source populations and to follow up on subjects
for recurrence and survival might help to make sense of the
complex information about tumor molecular alterations.
The descriptive epidemiology of brain tumors suggests
that a major unaccomplished task is to formulate and
evaluate explanations for the consistently observed sex
and ethnic differences for glioma and meningioma.
Among the most provocative clues to the etiology of pri-
mary brain tumors in adults is the characteristic sex dif-
ference, with gliomas being more prevalent among men
and meningiomas among women. The glaring absence of
analytic epidemiologic research into risk factors for
meningioma (Bondy and Ligon, 1996) provides little
information to hypothesize reasons for the female pre-
ponderance other than the probable importance of hor-
monal factors. Furthermore, very few studies of glioma
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have shed any light on sex and ethnic differences in
occurrence of these tumors, despite the extensive research
of gliomas (Chen et al., 2001; McKinley et al., 2000).
Further analytic studies of environmental factors
(viruses, radiation, and carcinogenic or protective chemi-
cal exposures through diet, workplace, or other sources),
when combined with incorporation of potentially rele-
vant polymorphisms that might influence susceptibility,
may help us understand this devastating collection of dis-
eases. Multicenter studies or sharing of data between
ongoing studies might be needed to obtain sufficient
numbers of cases to compare subgroups of subjects with
specific molecularly defined tumor types. Studies of
potentially relevant polymorphisms, viral factors, other
infectious agents and immunologic factors are promising
understudied areas for further etiologic research. More-
over, because currently established or suggested risk fac-
tors probably account for a small proportion of cases,
novel concepts of neurocarcinogenesis may be required
before we are able to discover a more comprehensive pic-
ture of the natural history and pathogenesis of brain
tumors. With the rapid pace of discovery of meaningful

tumor markers and susceptibility genes, this is an ideal
time for neurosurgeons, oncologists, pathologists, and
epidemiologists to forge new collaborations within and
between their institutions and for professional organiza-
tions to design and conduct meaningful epidemiologic
research into the causes of primary brain tumors.

To conclude, primary brain tumors probably stem from
multiple exogenous and endogenous events. To date, the
few proven causes (inherited genetic syndromes, therapeu-
tic ionizing radiation, and immunosuppression giving rise
to brain lymphomas) account for only a small proportion
of cases. Brain malignancies are devastating diseases, but
there is hope that with continuing explication of their cause
and biologic course, new concepts about neuro-oncogene-
sis might emerge to advance the study of brain tumor epi-
demiology and to make prevention and cure possible.
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