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Research Article

Personal History of Diabetes, Genetic Susceptibility to
Diabetes, and Risk of Brain Glioma: A Pooled Analysis of
Observational Studies

CariM.Kitahara1,MarthaS. Linet1, Alina V. Brenner1, SophiaS.Wang3, BeatriceS.Melin11, ZhaomingWang1,2,
Peter D. Inskip1, Laura E. Beane Freeman1, Melissa Z. Braganza1, Tania Carre�on4, Maria Feychting12,
J. Michael Gaziano5,6,7, Ulrike Peters8,9, Mark P. Purdue1, Avima M. Ruder4, Howard D. Sesso5,6,
Xiao-Ou Shu10, Martha A. Waters4, Emily White9, Wei Zheng10, Robert N. Hoover1, Joseph F. Fraumeni Jr1,
Nilanjan Chatterjee1, Meredith Yeager1,2, Stephen J. Chanock1,2, Patricia Hartge1, and Preetha Rajaraman1

Abstract
Background:Brainglioma is a relatively rare and fatalmalignancy in adulthoodwith fewknown risk factors.

Some observational studies have reported inverse associations between diabetes and subsequent glioma risk,

but possible mechanisms are unclear.

Methods:Weconductedapooledanalysis of original data fromfivenested case–control studies and two case–

control studies from theUnitedStates andChina that included 962 glioma cases and 2,195 controls.Weexamined

self-reported diabetes history in relation to glioma risk, as well as effect modification by seven glioma risk-

associated single-nucleotidepolymorphisms (SNP).We also examined the associations between 13diabetes risk-

associated SNPs, identified from genome-wide association studies, and glioma risk. Odds ratios (OR) and 95%

confidence intervals (CI) were calculated using multivariable-adjusted logistic regression models.

Results:Weobserved a 42% reduced risk of glioma for individualswith a history of diabetes (OR¼ 0.58; 95%

CI, 0.40–0.84). The association did not differ by sex, study design, or after restricting to glioblastoma, the most

common histological subtype. We did not observe any significant per-allele trends among the 13 diabetes-

related SNPs examined in relation to glioma risk.

Conclusion: These results support an inverse association between diabetes history and glioma risk. The role

of genetic susceptibility to diabetes cannot be excluded, and should be pursued in future studies together with

other factors that might be responsible for the diabetes–glioma association.

Impact: These data suggest the need for studies that can evaluate, separately, the association between type 1

and type 2 diabetes and subsequent risk of adult glioma. Cancer Epidemiol Biomarkers Prev; 23(1); 47–54. �2013

AACR.

Introduction
Glioma, the most common type of malignant brain

tumor in adulthood, is a relatively uncommon and highly
fatal malignancy, with a 5-year survival rate of only 34%
(1). The most common and aggressive subtype of glioma,
glioblastoma, has a 5-year survival of less than 5% (1).
Currently, there are no effective means of glioma preven-
tion apart from avoiding unnecessary exposure to ioniz-
ing radiation, particularly during childhood (2).

Several studies (3–9), although not all (10–13), have
suggested that elevated blood glucose levels or a previous
history of diabetes are inversely associated with risk of
glioma or other brain tumors. Diabetes, particularly type
2, has been associated with an increased risk of several
other types ofmalignancies, possiblymediated by inflam-
matory markers or elevated levels of glucose, insulin, or
insulin-like growth factor-1 (14). The potential biological
mechanisms that could explain an inverse association
between diabetes and risk of glioma remain unclear,
although immune response may play a role (15). Similar
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to diabetes, a personal history of allergies has consistently
been associated with an approximately 40% reduced risk
of glioma (16).

To further our understanding of the relationship bet-
ween diabetes and glioma and possible underlying
biological mechanisms, we combined questionnaire-
based and genotyping data from 5 cohort and 2 case–
control studies to examine the association between self-
reported history of diabetes and subsequent risk of
glioma and possible effect modification by 7 glioma-
related single nucleotide polymorphisms (SNP). We
additionally examined whether an association between
diabetes and glioma risk might be explained by genetic
mechanisms using genotyping data from 13 diabetes
risk-associated SNPs.

Materials and Methods
Study population

The study population included glioma cases and con-
trols from the previously conducted genome-wide asso-
ciation study (GWAS) in the GliomaScan Consortium
(17). This collaborative project included 1,856 incident
cases and 4,955 controls from 3 case–control studies, 1
population-based case–only study, and 14 case–control
studies nested within cohort studies. For the current
analysis, we restricted the study population to the 5
nested case–control studies [Agricultural Health Study
(AHS), Physicians’ Health Study I and II (PHS), Prostate,
Lung, Colorectal and Ovarian Cancer Screening Trial
(PLCO), Shanghai Men’s and Women’s Health Study
(SMWHS), Vitamins and Lifestyle Study (VITAL)] and
2 case–control studies [Multicenter Study of Environ-
ment and Health-National Cancer Institute- Adult Brain
Tumor Study (NCI-BTS) andNational Institute for Occu-
pational Safety andHealth-UpperMidwestHealth Study
(NIOSH-UMHS)] in which one or more glioma cases and
controls reported a history of diabetes (18–26). Six of
these studies were conducted in the United States, and
one in China (SMWHS). Four studies collected informa-
tion on age at diabetes diagnosis (NCI-BTS, AHS, PHS,
and SMWHS). We excluded 1 case and 2 controls under
the age of 18, 13 cases and 31 controls with missing
questionnaire data on history of diabetes, and 1 case and
1 control from SMWHS whose self-reported ages at
diagnosis of diabetes occurred after the age or referent
age at glioma diagnosis. The final study population con-
sisted of 962 glioma cases (557 males and 405 females)
and 2,195 controls (1,196 males and 999 females). Brief
descriptions of studies and participant characteristics are
shown in Table 1.

Outcome definition
Glioma cases were defined as primary malignant brain

tumorswith ICD-O-3 histology codes 9380–9480 (or equiv-
alent). We further classified the following mutually exclu-
sive subgroups of glioma according to histology: glioblas-
toma including gliosarcoma (ICD-O-3 codes 9440–9442),
astrocytoma (ICD-O-3 codes 9384, 9400–9401, 9410–9411,

9420–9421, 9424), and oligodendroglioma/oligoastrocy-
toma/oligodendroblastoma (ICD-O-3 codes 9382, 9450,
9451, and9460).Caseswith histology codes outside of these
ranges were classified as "other and unspecified gliomas."
Controls from cohort studieswere originally chosen from a
subset of the full cohort for the purposes of previous
GWAS, or were matched to cases on age or year of birth,
sex, race, and/or other factors (Table 1), and were glioma-
free at the time of glioma diagnosis. Controls from case–
control studies were frequency-matched by age, sex, and
other factors, andwere glioma-free at the time of interview.

Questionnaire data
All variables included in this analysis were combined

across studies using standardized definitions and catego-
ries. Demographic characteristics, including dates of birth,
sex, race/ethnicity (White, Black, American Indian/Alas-
kan Native, Asian/Pacific Islander, other), education (less
than high school graduate, high school graduate or equiv-
alent, some college or vocational school post-high school,
college graduate or post-graduate), personal history of
allergies including asthma, hay fever, eczema, other aller-
gy, or allergic skin condition (yes, no), hormone replace-
ment therapy (ever, never), and smoking status (never,
former, current) were self-reported in study-specific ques-
tionnaires and provided by all 7 studies. Height and
weight weremeasured by study personnel in the SMWHS
study and self-reported in all other studies. Questionnaire
data on personal history of diabetes (yes, no) and other
factorswere ascertained at study enrollment inmost of the
cohort studies (AHS, PHS, PLCO, VITAL), apart from one
(SMWHS) that assigned diabetes status using question-
naire information fromboth baseline and follow-up. Case–
control studies (NCI-BTS,NIOSH-UMHS) ascertained this
information soon after diagnosis among cases and at the
corresponding referent age among controls (i.e., the age at
time of interview). Missing data for any of the covariates
(<1% for race, education, smoking, and body mass index;
14% for history of allergies; 34% for hormone replacement
therapyuse inwomen)werehandledby includingmissing
indicator variables in the models.

Genotyping
Blood, saliva, or buccal samples were provided by each

of the studies (apart from SMWHS, which did not con-
tribute to the genetic analyses) to use for the extraction of
DNA for genotyping. Genotyping was performed using
the Illumina 660-WHuman BeadChip for all glioma cases.
Genotyping for controls was conducted using various
platforms (Table 1). To account for differences in the assays
used, SNP data for the control samples were imputed if
necessary, as described byMarchini and colleagues (27). A
total of 13 SNPs that have been associated with diabetes
and 7 SNPs that have been associated with glioma, based
on statistical significance after correction for multiple test-
ing in previous GWAS (17, 28–35), were selected to eval-
uate the association for diabetes-related genetic poly-
morphisms on risk of glioma and the potential for effect
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modification of the diabetes–glioma association by genetic
susceptibility to glioma, respectively. We computed a
genetic risk score for the diabetes and glioma SNPs by
assigning 0, 1, or 2 for homozygous for the nonsusceptible
allele, heterozygous, or homozygous for the susceptible
allele, respectively, and summing these values.

Statistical analysis
We calculated pooled odds ratios (OR) and 95% confi-

dence intervals (CI) for glioma using unconditional logis-
tic regression models adjusted for study, age (at baseline
for cohort studies or at time of diagnosis/pseudodiagno-
sis for case–control studies), and birth year (<1930, 1930–
1939, 1940–1949, 1950–1959, �1960). Models that com-
bined male and female subjects were further adjusted
for sex. Adjustment for other potential confounders,
including race, education, body mass index (weight in
kg divided by height in meters squared), smoking status,
menopausal hormone replacement therapy, and history
of allergies did not meaningfully change the b coefficients
for diabetes (<10% change), so these covariates were not
retained in the final models.

We also examined the possible effect modification by
sex, current and early-adulthood BMI, history of allergies,
and 7 recently identified glioma risk-associated variants
by comparing the magnitude of the associations for dia-
betes and glioma risk across categories of these potential
effect modifiers. Tests for interaction were conducted by
comparing the fit of a model with an additional cross-
product term for diabetes and the potential effectmodifier
to amodelwithout this termusing the likelihood ratio test.
Between-study heterogeneity was evaluated using the
Mantel–Haenszel x2 test.

Pooled ORs were additionally estimated for 13 dia-
betes-associated SNPs using the most common geno-
type among controls as the referent genotype. Trend
tests were conducted by modeling the genotypes (cat-
egorized as 0, 1, and 2, corresponding to the number of
variant alleles) as continuous variables, and statistical
significance was evaluated by comparing the fit of a
model with the continuous term to one without using
the likelihood ratio test.

All statistical analyses were conducted using Stata/SE
11.0 (StataCorp).

Results
Of the 962 total glioma cases, 517 (311 male and 206

female) were classified as glioblastoma, 200 (119 male
and 81 female) as astrocytoma, and 152 (74 male and 78
female) as oligodendroglioma/oligoastrocytoma/oligo-
dendroblastoma. The median age at glioma diagnosis
was 57 years (interquartile range: 42–69; range: 18–91).

We observed a 42% reduced risk of glioma (OR ¼ 0.58;
95% CI, 0.40–0.84) for individuals with a history of dia-
betes versus those without (Table 2). Similar ORs were
observed in men and women (Pinteraction ¼ 0.91) and by
case–control andnested case–control design (Pheterogeneity

¼ 0.87). Results were similar after excluding each indi-

vidual study. The association between diabetes history
and glioma risk was more strongly inverse among parti-
cipantswith current BMI values of 18.5 to 24.9 (OR¼ 0.48;
95% CI, 0.24–0.96) and 25.0 to 29.9 (OR ¼ 0.43; 95% CI,
0.22–0.85) comparedwith thosewithBMI�30 (OR¼ 1.16;
95% CI, 0.61–2.20), but these differences were not statis-
tically significant (Pinteraction ¼ 0.12). Among 210 glioma
cases and 1,027 controls with data on BMI in early-
adulthood (age 18–21), there was no clear variation in
ORs for diabetes history within strata of early-adult BMI
(Pinteraction ¼ 0.72). We found no evidence of a multipli-
cative interaction by history of allergies (Pinteraction ¼
0.21). The inverse association was statistically significant
for diabetes diagnosed before age 50 but not for diabetes
diagnosed at older ages (Table 2). After additionally
excluding 2 cases and 7 controls diagnosed with diabetes
within 2 years of glioma diagnosis, the ORs for history of
diabetes versus no history (OR ¼ 0.59; 95% CI, 0.40–0.86)
and for history of diabetes by age at diagnosis (OR¼ 0.34,
0.55, and 0.52 for diabetes diagnosis at <50, 50–59, and
�60 years old, respectively; Ptrend ¼ 0.24) did not change
materially. Similar results were observed when we
restricted the analysis to glioblastoma while keeping the
same controls (based on 25 cases with diabetes and 492
without; OR ¼ 0.58; 95% CI, 0.37–0.92). Although the
number of cases was small, we also observed reduced
risks associated with a diabetes history for astrocytoma
(based on 6 cases with diabetes and 194 without; OR ¼
0.56; 95%CI, 0.24–1.31) andoligodendroglioma (based on
2 cases with diabetes and 157without; OR¼ 0.28; 95%CI,
0.07–1.18).

Within the population subset with genetic data, we did
not observe any significant per-allele trends among the 13
diabetes-related SNPs examined in relation to glioma risk
(Table 3). Nonetheless, the TT genotype for rs2237892 on
the KCNQ1 gene (OR ¼ 4.46; 95% CI, 1.19–16.70) was
associated with significantly increased risk of glioma
compared with the CC genotype. Among controls, how-
ever, only rs7480010 and rs1113132 were significantly
associated with self-reported history of diabetes. The
diabetes genetic risk scorewasnot significantly associated
with risk of glioma [ORs (95% CI) for risk scores of �11–
<13, �13–<15, and �15 vs. <11 ¼ 1.00 (0.72–1.38), 1.13
(0.83–1.55), and 1.18 (0.86–1.62), respectively; Ptrend ¼
0.22], nor with self-reported diabetes among controls [OR
(95%CI)¼ 0.95 (0.41–2.20), 0.79 (0.35–1.80), and 1.60 (0.75–
3.42); Ptrend ¼ 0.27]. Additional adjustment for the diabe-
tes genetic risk score had little influence on the OR for
history of diabetes (OR ¼ 0.57 and 0.55 before and after
adjustment, respectively). None of the 7 glioma risk-asso-
ciated SNPs individually modified the association
between history of diabetes and glioma risk (Supplemen-
tary Table S1); however, the inverse association for dia-
betes was nonsignificantly greater among individuals
with a lower versus higher glioma genetic risk score [OR
(95%CI) for risk scores of 0–<7, 7–<9, and�9–14were 0.39
(0.18–0.86), 0.59 (0.30–1.18), and 0.96 (0.38–2.42), respec-
tively; Pinteraction ¼ 0.11].
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Discussion
We observed a 42% reduced risk of glioma for indivi-

duals with a history of diabetes versus those without
(OR ¼ 0.58; 95% CI, 0.40–0.84). Results were similar by
sex, study design (case–control vs. nested case–control),
and after restricting the outcome to glioblastoma, themost
common histological subtype. The risks for other glioma
subtypeswere also reduced for those with versus without
diabetes, albeit nonsignificantly.Diabetes-associatedSNPs
identified from GWASwere generally not associated with
glioma risk, nor did these SNPs explain the inverse asso-
ciation we observed between glioma risk and diabetes
history.
A lower risk of glioma associated with diabetes was

first reported in a 1965 study, reporting a lower fre-
quency of intracranial gliomas among diabetics versus
nondiabetics but no difference in the frequency of
meningiomas and pituitary neoplasms (36). Our finding
of an inverse association between diabetes and glioma
risk is consistent with results from previous case–con-
trol studies on glioma, all reporting relative risks below
1.0 for individuals with before diagnosis versus those
without (range: 0.3–0.82; refs. 3–7). Like our study, these
studies did not distinguish between type 1 versus type 2
diabetes. One case–control study showed a stronger
inverse association for diabetes diagnosed at younger
versus older ages (6), which could act as a proxy for type

1 versus type 2 diabetes, but this study was among those
included in the current pooled analysis. Results from
prospective cohort studies, which have lower potential
for biases because of the reliance on proxy respondents
or differential recall or selection of cases and controls,
have been lacking. The California Seven-Day Adventists
cohort, which included only 21 incident cases of glioma,
did not show a clear association between self-reported
history of diabetes and glioma risk (relative risk ¼ 1.84;
95% CI, 0.28–7.38; ref. 10). A larger record-linkage study
in Denmark found no association between hospital
discharge records for diabetes and subsequent brain
and central nervous system cancers in either men
[standardized incidence ratio (SIR) ¼ 1.1; 95% CI, 0.9–
1.4] or women (SIR ¼ 1.1; 95% CI, 0.8–1.3), based on 80
and 79 cases, respectively (11).

An inverse association between history of diabetes
and risk of adult glioma may reflect a protective effect
of heightened immune response, as has been hypothe-
sized to underlie the relationship between allergies and
glioma risk (16). History of allergies was also inversely
associated with risk of glioma in this population
(data not shown), but this association was independent
of diabetes. Studies with more specific information
on diabetes history, including type 1 versus type 2,
and specific biomarkers of immune function and insulin
resistance could provide additional insight on biological

Table 2. ORs and 95% CIs for the association between diabetes history and risk of glioma

Men Women Total

Cases/controls OR (95% CI)a Cases/controls OR (95% CI)a Cases/controls OR (95% CI)b

Diabetes history
No 536/1,115 1.00 (Reference) 387/923 1.00 (Reference) 923/2,038 1.00 (Reference)
Yes 21/81 0.59 (0.35–0.99) 18/76 0.57 (0.33–0.99) 39/157 0.58 (0.40–0.84)

Case–control studies
Diabetes history
No 372/499 1.00 (Reference) 290/481 1.00 (Reference) 662/980 1.00 (Reference)
Yes 14/40 0.56 (0.29–1.07) 14/39 0.65 (0.35–1.24) 28/79 0.60 (0.38–0.94)

Nested case–control studies
Diabetes history
No 164/616 1.00 (Reference) 97/442 1.00 (Reference) 261/1,058 1.00 (Reference)
Yes 7/41 0.68 (0.29–1.60) 4/37 0.41 (0.14–1.21) 11/78 0.54 (0.28–1.05)

Age at diabetes diagnosisc

No diagnosis 437/588 1.00 (Reference)
4–49 6/21 0.38 (0.15–0.95)
50–59 8/19 0.52 (0.22–1.22)
60–77 8/23 0.45 (0.19–1.04)
Ptrend

d 0.43

aAdjusted for age at enrollment (cohort studies) or diagnosis/pseudodiagnosis (case–control studies), birth year, and study.
bAdditionally adjusted for sex.
cRestricted to studies that collected this information; results not shown formen andwomen separately due to a small number of glioma
cases in each category of age at diabetes diagnosis (�5).
dCalculated by modeling the age at diabetes diagnosis categories as continuous and excluding the "no diagnosis" group.
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Table 3. The association of diabetes-related SNPs and glioma risk

SNP Gene Diabetes risk allele Genotype Controls Cases OR (95% CI)a

rs13266634 SLC30A8 C CC 915 364 1.00 (Reference)
CT 834 337 1.04 (0.86–1.25)
TT 160 71 1.23 (0.89–1.70)

Ptrend ¼ 0.29
rs7754840 CDKAL1 C GG 449 286 1.00 (Reference)

GC 401 277 1.12 (0.90–1.39)
CC 104 58 0.89 (0.62–1.27)

Ptrend ¼ 0.99
rs7903146 TCF7L2 T CC 968 403 1.00 (Reference)

CT 770 299 0.97 (0.80–1.17)
TT 172 70 1.05 (0.76–1.46)

Ptrend ¼ 0.98
rs1111875 HHEX G GG 633 256 1.00 (Reference)

GA 944 402 1.03 (0.84–1.25)
AA 332 114 0.80 (0.61–1.05)

Ptrend ¼ 0.20
rs7923837 HHEX G GG 702 300 1.00 (Reference)

GA 943 365 0.90 (0.74–1.09)
AA 263 107 0.89 (0.67–1.18)

Ptrend ¼ 0.29
rs7480010 LOC387761 G AA 991 399 1.00 (Reference)

AG 744 298 0.97 (0.80–1.17)
GG 174 74 1.07 (0.78–1.47)

Ptrend ¼ 0.89
rs1113132 EXT2 C CC 507 315 1.00 (Reference)

CG 359 249 1.10 (0.89–1.37)
GG 85 51 0.98 (0.67–1.44)

Ptrend ¼ 0.67
rs8050136 FTO A CC 668 254 1.00 (Reference)

CA 947 385 1.04 (0.86–1.27)
AA 294 132 1.10 (0.85–1.44)

Ptrend ¼ 0.47
rs4402960 IGF2BP2 T GG 906 362 1.00 (Reference)

GT 795 310 1.00 (0.83–1.21)
TT 201 97 1.23 (0.92–1.64)

Ptrend ¼ 0.29
rs1470579 IGF2BP2 C AA 907 363 1.00 (Reference)

AC 798 309 0.99 (0.82–1.20)
CC 203 98 1.23 (0.93–1.65)

Ptrend ¼ 0.29
rs5219 KCNJ11/ABCC8 T CC 395 246 1.00 (Reference)

CT 426 283 1.06 (0.85–1.32)
TT 133 92 1.13 (0.82–1.54)

Ptrend ¼ 0.43
rs2237892 KCNQ1 C CC 1,662 676 1.00 (Reference)

CT 242 90 0.88 (0.67–1.16)
TT 5 6 4.46 (1.19–16.70)

Ptrend ¼ 0.92
rs2943641 IRS1 C CC 774 335 1.00 (Reference)

CT 897 347 0.89 (0.73–1.07)
TT 237 90 0.91 (0.68–1.22)

Ptrend ¼ 0.31

aAdjusted for age at diagnosis/pseudodiagnosis, sex, and study.
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mechanisms that may underlie the inverse association
between diabetes and glioma risk. Alternatively, our
results could be explained by long-term suppression of
diabetes-related symptoms, particularly those related
to immune response, during glioma development (37).
However, assuming that glioma (and, particularly,
glioblastoma) has a relatively short natural history
because of its relatively aggressive nature, reverse cau-
sation is unlikely to explain the significant inverse
association we observed for diabetes diagnosed at
younger ages.
Our pooled analysis combined original data across a

diverse set of studies, which allowed an examination of
the consistency of the association between men and
women and case–control and case–control studies
nested within prospective cohort studies. We applied
a standard format for the categorization of variables and
standard methods for statistical analysis, which
reduced the potential for methodological heterogeneity
across studies. We also had information on potential
confounding factors, including race/ethnicity, educa-
tion, and history of allergies, as well as data to assess
potential effect modification by genetic susceptibility to
glioma. Nevertheless, our results were based on a rel-
atively small number of cases reporting a previous
diagnosis of diabetes. Self-reported diabetes diagnoses
were not validated in any of the studies included in the
current analysis, and the number of individuals with a
history of diabetes may have been underestimated.
Assuming random misclassification of this exposure,
our results may have been biased toward the null.
Furthermore, apart from age at diabetes diagnosis, we
lacked sufficient data to more accurately distinguish
between type 1 and type 2 diabetes. Participants from
nested case–control studies were originally selected
from the full cohorts for the purposes of genetic anal-
yses. This could have biased our results if the controls
had been selected on factors associated with diabetes
history; however, the pooled ORs did not differ after
individually excluding each nested case–control study.
Thus, our findings should be confirmed in larger stud-
ies, preferably full prospective cohort studies, with
medically validated data on diabetes history. Although
we found no significant interactions between diabetes
and 7 glioma risk-associated SNPs on glioma risk,
statistical power to detect such interactions was limited.
Of the 13 SNPs previously strongly associated with
diabetes, we found that the TT genotype for rs2237892
on the KCNQ1 gene was associated with a more than 4-
fold increased risk of glioma compared with the CC
genotype, an association opposite to those observed for
risk of type 2 diabetes, higher fasting glucose levels, and
reduced b-cell function (31). This finding, should it
replicate in other studies, may provide some clues about
the role of insulin resistance in the etiology of glioma.
Although we did not observe significant associations
with glioma in log-additive models for this SNP or 12
other diabetes-associated SNPs, it is possible that as yet

undetermined genetic loci may contribute to the pro-
tective effect on glioma.

In summary, our international pooled study revealed
an inverse association between diabetes and glioma risk,
which is consistent with previous case–control studies.
The role of genetic susceptibility cannot be excluded and
should be pursued in future studies together with other
factors that might be responsible for the diabetes–glioma
association. Identification of these factors may help to
improve our understanding of glioma pathogenesis and
identify possible avenues for prevention of this highly
fatal disease.
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