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Abstract

Diabetes is a risk factor for many cancers; chronic hyperglycemia is hypothesized to be, in part,
explanatory. We evaluated the association between glycated hemoglobin, a time-integrated
glycemia measure, and cancer incidence and mortality in non-diabetic and diabetic men and
women. We conducted a prospective study of 12,792 cancer-free participants attending the second
visit (1990-1992) of the Atherosclerosis Risk in Communities (ARIC) Study. We measured
glycated hemoglobin in whole-blood samples using HPLC. Incident cancers were ascertained
from registries and hospital records through 2006. We estimated multivariable-adjusted hazard
ratios (HR) of cancer incidence and mortality for non-diabetic participants with values =5.7%
(elevated), non-diabetic participants with <5.0% (low), and diabetic participants all compared with
non-diabetic participants with 5.0-5.6% (normal). We ascertained 2,349 incident cancer cases and
887 cancer deaths. Compared with non-diabetic women with normal glycated hemoglobin, non-
diabetic women with elevated values had an increased risk of cancer incidence (HR:1.24; 95% CI:
1.07,1.44) and mortality (HR:1.58; 95% C1:1.23,2.05) as did diabetic women (incidence, HR:1.30;
95% CI:1.06,1.60, mortality, HR:1.96; 95% CI:1.40,2.76). Non-diabetic women with low values
also had increased risk. Diabetic women with good glycemic control (<7.0%) had a lower cancer
risk than those with higher values. Glycated hemoglobin in non-diabetic and diabetic men, and
diabetes were not statistically significantly associated with total cancer risk. Our findings support
the hypothesis that chronic hyperglycemia, even in the non-diabetic range, increases cancer risk in
women. Maintaining normal glycated hemoglobin overall, and good glycemic control among
diabetic adults, may reduce the burden of cancer, especially in women.

Disclaimers: The content of this manuscript is solely the responsibility of the authors and does not necessarily represent the official
views of the National Heart, Lung, and Blood Institute or the National Cancer Institute or the National Institutes of Health. Some
cancer incidence data have been provided by the Maryland Cancer Registry, Center for Cancer Surveillance and Control, Department
of Mental Health and Hygiene, 201 W. Preston Street, Room 400, Baltimore, MD 21201. We acknowledge the State of Maryland, the
Maryland Cigarette Restitution Fund, and the National Program of Cancer Registries (NPCR of the Centers for Disease Control and
Prevention (CDC)) for the funds that helped support the availability of the cancer registry data.
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Introduction

Methods

Diabetes is associated with an increased risk of many cancers,1~/ but a decreased risk of
prostate cancer.8: 2 The exact mechanism(s) underlying these associations are unknown.10
Chronic hyperglycemia is one potential mediator of the association between diabetes and
cancer. Hyperglycemia may have an independent influence on cancer risk, or it may be a
surrogate for obesity and/or the metabolic perturbations associated with obesity and
diabetes, like hyperinsulinemia.1® Most studies evaluating hyperglycemia and cancer risk
have used fasting blood glucose, a diabetes diagnostic tool.11 These studies found that
increased fasting blood glucose, independent of adiposity, is associated with an increased
risk of cancer incidence,12-16 and cancer mortality.12 16. 17 Among prospective studies that
evaluated women and men separately, some,15: 16 put not all,12 13 found a stronger
association between elevated fasting blood glucose and cancer risk in women than men.

Glycated hemoglobin, historically a measure of glycemic control among those with diabetes,
is now a diagnostic tool for diabetes.18 In contrast to fasting glucose, glycated hemoglobin
reflects the 2 to 3 month average endogenous glucose exposure, including post-prandial
excursions.® Thus, glycated hemoglobin may capture the glucose exposure most relevant to
cancer risk; that is, the average exposure. Four of five prospective studies that evaluated the
association of glycated hemoglobin and cancer risk among non-diabetics found that higher
glycated hemoglobin is associated with an increased risk of cancer incidence 20 and
mortality,21-23 although these studies did not address differences by sex,22 did not adjust for
adiposity,20 or investigated the question in highly selected populations.20: 21. 23 The
remaining study found no association between glycated hemoglobin and cancer mortality
among non-diabetic adults.24 Prospective studies on cancer among those with diabetes have
been inconsistent regarding whether increased glycated hemoglobin is associated with
cancer mortality,21 22 or not.24 25 Thus, we evaluated the association of glycated
hemoglobin in non-diabetic and diabetic participants, separately for women and men, with
cancer incidence and mortality in a large community-based, prospective cohort study.

Study Population

The Atherosclerosis Risk in Communities (ARIC) study is a prospective cohort of 15,792
adults aged 45-64 years at enrollment from four U.S. communities (Forsyth County, NC;
Jackson, MS; Minneapolis, MN; Washington County, MD); study details have been
described previously.2 Participants were examined during four visits; the first visit was
conducted from 1987 to 1989, with three follow-up visits taking place approximately every
3 years. The second visit (1990-92) was the only visit in which whole blood was stored for
glycated hemoglobin measurement; this visit was the baseline for the present study.

The analytic cohort included 12,792 white and black participants with no prior cancer
diagnosis (except non-melanoma skin) by the second visit and complete information on
glycated hemoglobin and relevant factors. Participants were followed for cancer incidence
and mortality (median follow-up: 15 years). Participants gave written informed consent;
institutional review boards at each site approved the study protocol.
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Assessment of Diabetes, Glycated Hemoglobin, and Other Factors

We classified participants as having diagnosed diabetes, hereafter referred to as diabetic, if
they self-reported a doctor’s diagnosis of diabetes and/or were taking diabetes medication at
the first or second visits, or as non-diabetic. Glycated hemoglobin was measured in frozen
whole-blood samples using high-performance liquid chromatography.2’ We classified all
participants by glycated hemoglobin value. Non-diabetic participants were classified as:
>5.7% (elevated), indicating increased risk for diabetes or undiagnosed diabetes;28 5.0-5.6%
(normal), normal range for this study; and <5.0% (low), previously associated with an
increased risk of mortality in this cohort.2? Participants in the =5.7% category were further
classified as =5.7-6.4%, indicating increased risk for diabetes, or >6.5%, indicating
undiagnosed diabetes.28 Diabetic participants were classified as: <7.0%, the target for good
glycemic control;1! and >7.0%. Fasting insulin was measured by radioimmunoassay at the
first, not the second, ARIC visit.30 Trained technicians measured body mass index (BMI,
kg/m?2) and waist circumference (cm).3! Participants reported their highest education level,
post-menopausal hormone use (women), current cigarette smoking status, and, if applicable,
the number of years smoked, and the average number of cigarettes smoked daily; the latter
two numbers were multiplied to calculate cigarette-years.

Assessment of Cancer Incidence and Mortality

Incident cancers were ascertained from 1987 through 2006 through linkage with state cancer
registries in Minnesota, North Carolina, Maryland, and Mississippi, and supplemented by
active surveillance of the cohort, which includes recording of hospital discharge codes for
all participants. Participants also self-reported all hospitalizations during annual follow-up
telephone calls. Cancer-related hospitalizations not previously identified by registry linkage
were included as cases after verification by obtaining and reviewing medical records. Deaths
from cancer as the underlying cause were obtained from death certificates. If a cancer death
was the first report of cancer, the death was considered an incident cancer (2.7% of incident
cancers).

Statistical Analysis

All analyses were stratified by sex. We calculated, by glycated hemoglobin or diabetes
category, age- and race-: 1) adjusted means and proportions for demographic and other
factors using regression modeling, 2) standardized rates for overall and site-specific cancer
incidence and mortality. Participants began contributing time at risk at the second visit
(1990-1992) through 12/31/2006. We used Cox proportional hazards regression to estimate
the HR of cancer incidence and mortality in: 1) non-diabetic participants by glycated
hemoglobin categories (<5.0%; 5.0-5.6%, reference; 25.7%), and in diabetic participants, 2)
non-diabetic participants by glycated hemoglobin categories (<5.0%; 5.0-5.6%, reference;
>5.7%-6.4%; =6.5%), and 3) diabetic participants by glycated hemoglobin categories
(£7.0%; >7.0%, reference). We modeled continuous glycated hemoglobin using restricted
quadratic splines with knots at the 10th, 50th, and 90th percentiles in 1) non-diabetic
participants with 5.0% as the reference, and 2) diabetic participants with 7.0% as the
reference. The top and bottom 1% of the distribution of glycated hemoglobin (determined
separately for non-diabetic and diabetic participants) were excluded from the spline models
to minimize the influence of extreme values. We compared the linear and spline models with
the likelihood ratio test to determine if the spline model differed from a linear dose-
response. We confirmed the proportional hazards assumption of the models. All models
were adjusted for characteristics at the second visit: age and race; and further adjusted for
ARIC study site, education level, cigarette smoking status, cigarette-years smoked, BMI,
waist circumference and post-menopausal hormone use (women only). In the primary
analyses, fasting insulin at the first visit did not appear to be a confounder and thus was not
included in the models. We stratified by race and tested for interactions using the Wald test;
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associations did not differ by race, thus all results are shown combined. All analyses were
conducted using SAS version 9.2 (Cary, NC). All tests were 2-sided; results were considered
statistically significant if P<0.05.

From 1990 to 2006, we ascertained 2,647 incident cancer cases in 169,048 person-years and
887 cancer deaths in 181,517 person-years. At baseline, 8.9% of the women and 8.6% of the
men had diabetes. Participant characteristics are shown in Table 1. Cancer incidence and
mortality rates were higher among men than women (Table 2, Table 3). However, diabetic
women had both cancer incidence and mortality rates that were comparable to diabetic men.

Cancer incidence among non-diabetic adults

Among non-diabetic women, those in the =5.7% category had a 24% higher cancer
incidence compared with those in the 5.0-5.6% category, (Table 2, Fig. 1A). When
evaluated by diabetes diagnostic cut-points, cancer incidence was elevated among both
women at risk for diabetes (=5.7-6.4% HR:1.25, 96%CI:1.07-1.46) and women with
undiagnosed diabetes (=6.5% HR:1.20, 96%CI: 0.91-1.58) compared with women in the
5.0-5.6% category. Non-diabetic women in the <5.0% category had a 27% higher cancer
incidence (Table 2); this association was stronger after excluding incident cancers diagnosed
in the first half of follow-up (data not shown). When the full spectrum of glycated
hemoglobin values was evaluated, cancer risk increased as glycated hemoglobin decreased
below 5.0%; whereas risk increased and plateaued as glycated hemoglobin increased above
5.0% (p-for-linearity=0.0011, Fig. 1A). Non-diabetic women in the =5.7% or <5.0%
categories did not have statistically significantly higher incidence of major site-specific
cancers compared with those in the 5.0-5.6% category (Table 2).

Cancer incidence was not higher in non-diabetic men in the =5.7% and <5.0% categories
compared with those in the 5.0-5.6% category, even after excluding prostate cancer, which
has a known inverse association with diabetes8 (Table 2; Fig. 1B). When evaluated by
diabetes diagnostic cut-points, cancer incidence was not higher in men at risk for diabetes
(=5.7-6.4% HR:1.07, 96%CI:0.94-1.23) and men with undiagnosed diabetes (=6.5% HR:
1.10, 96%CI: 0.85-1.43). Non-diabetic men with glycated hemoglobin values =5.7% did not
have higher site-specific cancer incidence compared with those in the 5.0-5.6% category
(Table 2). Non-diabetic men in the <5.0% category had a statistically significantly higher
risk of colorectal cancer.

Cancer incidence among diabetic adults

Diabetic women had a 30% higher cancer incidence compared with non-diabetic women in
the 5.0-5.6% category (Table 2). Diabetic women did not have statistically significantly
higher site-specific cancer incidence compared with non-diabetic women in the 5.0-5.6%
category (Table 2). However, diabetic women had a non-significant increased risk of post-
menopausal breast cancer and colorectal cancer when compared to non-diabetic women in
the 5.0-5.6% category (Table 2). Among diabetic women, cancer incidence did not differ
between those with glycated hemoglobin values <7.0% and >7.0% (HR:0.89, 96%ClI: 0.59-
1.33, Fig 1C).

Diabetic men did not have higher overall, or site-specific cancer incidence compared with
non-diabetic men in the 5.0-5.6% category (Table 2). However, diabetic men had a non-
significant increased risk of colorectal cancer when compared to non-diabetic men in the
5.0-5.6% category (Table 2). Among diabetic men, cancer incidence did not differ between
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those with glycated hemoglobin values <7.0% and >7.0% (all cancer HR:1.11, 96%Cl:
0.73-1.68, Fig 1D; all cancer minus prostate cancer HR:0.98, 96%ClI: 0.58-1.65).

Cancer mortality among non-diabetic adults

Non-diabetic women in the =5.7% category had a 58% higher risk of cancer mortality
compared with those in the 5.0-5.6% category (Table 3, Fig. 2A). Cancer mortality was
elevated among both women at risk for diabetes (=5.7-6.4% HR:1.62, 96%ClI:1.24-2.11)
and women with undiagnosed diabetes (=6.5% HR:1.45, 96%CI: 0.90-2.32). Non-diabetic
women in the <5.0% category had an 82% higher risk of cancer mortality (Table 3); this
association was unchanged after excluding cancer deaths in the first half of follow-up (data
not shown). When the full spectrum of glycated hemoglobin values was evaluated, the risk
of cancer death greatly increased as glycated hemoglobin decreased below 5.0%; risk also
increased as glycated hemoglobin increased above 5.0% (p-for-linearity<0.0001, Fig. 2A).
Non-diabetic women in the =5.7% category did not have higher major site-specific cancer
mortality compared with those in the 5.0-5.6% category (Table 3). Non-diabetic women in
the <5.0% category had three times the risk of dying of colorectal cancer, but not other
cancers.

Non-diabetic men in the =5.7% or <5.0% categories did not have a higher risk of cancer
mortality compared with those in the 5.0-5.6% category, even after excluding prostate
cancer (Table 3, Fig. 3B, Fig 3C). Similarly, cancer mortality was not elevated among men
at risk for diabetes (=5.7-6.4% HR:1.04, 96%CI:0.83-1.30) and men with undiagnosed
diabetes (=6.5% HR:1.30, 96%Cl: 0.86-1.95). Non-diabetic men in the =5.7% or 5.0%
categories did not have higher site-specific cancer mortality compared with those in the 5.0—
5.6% category (Table 3).

Cancer mortality among diabetic adults

Diabetic women had twice the risk of cancer mortality compared with non-diabetic women
in the 5.0-5.6% category (Table 3). Diabetic women did not have a higher risk of site-
specific cancer mortality, except possibly for post-menopausal breast cancer (Table 3).
Among diabetic women, those with glycated hemoglobin values <7.0% had a 52% lower
risk of cancer mortality compared with those with values >7.0% (HR:0.48, 96%CI: 0.24—
0.97). When the full spectrum of glycated hemoglobin values was evaluated, risk of cancer
mortality decreased as glycated hemoglobin decreased below 7.0%; whereas risk of cancer
mortality increased as glycated hemoglobin increased above 7.0% (p-for-linearity=0.0224,
Fig 2D).

Diabetic men did not have a higher risk of cancer mortality, total cancer mortality minus
prostate cancer, or site-specific cancer mortality compared with non-diabetic men in the 5.0
5.6% category (Table 3). Among diabetic men, risk of cancer mortality did not differ
between those with glycated hemoglobin values <7.0% and >7.0% (all cancer HR:0.79,
96%Cl: 0.49-1.57, Fig. 3D; all cancer minus prostate cancer HR:0.72, 96%Cl: 0.36-1.45).

Discussion

In this prospective cohort study, non-diabetic women with elevated glycated hemoglobin
values, even below the level to diagnose diabetes, had a significantly elevated risk of cancer
incidence and mortality compared to those with values in the normal range. Diabetic women
also had a significantly increased risk of cancer incidence and mortality. Among diabetic
women, those with good glycemic control (glycated hemoglobin <7%) had a lower risk of
cancer mortality. Interestingly, low glycated hemoglobin values among non-diabetic women
were also associated with an increased risk of cancer incidence and mortality. Glycated
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hemoglobin values in non-diabetic and diabetic men, and diabetes were not statistically
significantly associated with total cancer incidence or death; this finding is most likely due
to the null association between glycated hemoglobin and the two most common cancers
among men in ARIC, prostate and lung. Our findings suggest that glycemia values outside
the normal range may influence the burden of cancer in women.

Our findings for non-diabetic women are consistent with most previous prospective studies
that have evaluated glycated hemoglobin as a risk factor for cancer incidence,2% and cancer
mortality,21-23 but not all.24 While these studies did not stratify by sex, several prospective
studies of fasting blood glucose have.12:13.15. 16 We found an association between
hyperglycemia and cancer risk in women, but not men; this is consistent with two studies of
fasting glucose,® 16 but not two others that found similar associations by sex.12 13 This
discrepancy may be partly due to differences in the proportion of specific cancers
represented in the study populations. For example, the prior cohorts that found positive
associations in men had higher proportions of liver cancer among men, which was strongly
associated with hyperglycemia, than in ARIC. In ARIC, the major cancers among men were
prostate and lung, which were not significantly associated with hyperglycemia in this cohort.
Our observations were supported by the site-specific analyses among men in the previous
prospective studies of fasting blood glucose and cancer risk; all four studies also reported no
statistically significant association with prostate cancer risk.12: 13.15. 16 Similarly, three of
the four studies found no statistically significant association between fasting glucose and
lung cancer risk among men;12 1315 and one reported a positive association.16 Given the
most common cancers among men in ARIC were not associated with glycated hemoglobin,
findings supported by previous studies of fasting glucose and cancer risk, our observation
that glycated hemoglobin was not statistically significantly associated with total cancer risk
among men is not unexpected.

Hyperglycemia may directly influence cancer risk. Cancers require more glucose to generate
energy than normal non-proliferative tissue.32 Thus, hyperglycemia may enhance cancer cell
growth. Hyperglycemia may also be a surrogate marker for obesity, and/or associated
metabolic perturbations, like hyperinsulinemia,? which has been associated with cancer
risk.# Insulin may influence cancer risk directly by signaling through the insulin receptor or
indirectly, by affecting the insulin-like growth factor (IGF) axis, which influences cell
proliferation.33 However, our findings were independent of adiposity, as measured by both
BMI and waist circumference. Further, though we were unable to adjust for insulin values at
the second visit, adjustment for insulin values at the first visit did not change our findings.

We found elevated glycated hemoglobin was more strongly associated with fatal than
incident cancers, consistent with the two prospective studies that evaluated fasting blood
glucose and both cancer incidence and mortality.12 16 While the biological mechanisms
underlying this observation could differ by cancer site, this may indicate that glucose levels
are more relevant to cancer progression than cancer initiation. Alternatively, individuals
with abnormal glycated hemoglobin values may be diagnosed with cancer at later stages due
to differences in access to care, or in cancer screening behaviors.

We found that while men had an overall higher cancer incidence and cancer mortality rate
than women, the cancer incidence and cancer mortality rate among diabetic women was
comparable to that of diabetic men. We also observed that diabetic women had a higher risk
of cancer incidence and mortality, though diabetic men did not have a statistically
significantly higher risk, even after excluding prostate cancer. In a recent meta-analysis,
diabetes was associated with an increased risk of cancer incidence and mortality; the
association with mortality was stronger for women than men, and there was significant
heterogeneity among studies.34 Our results were consistent with approximately half of the
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studies included in the pooled risk estimates.34 Discrepancies across studies may be partially
explained by the specific cancers represented in the diverse study populations. Among site-
specific cancers, diabetes has been positively associated with colorectal and breast
cancers.19: 17 Our findings were consistent with this previous work. While not statistically
significant, diabetes was positively associated with colorectal cancer incidence and mortality
in both men and women, and with breast cancer incidence and mortality in women.

Importantly, we observed that diabetic women with good glycemic control (glycated
hemoglobin <7%),11 had a 52% lower risk of cancer death. This finding is consistent with
one prospective study that evaluated cancer mortality and glycated hemoglobin values
among diabetic women,22 but not two other studies that evaluated diabetic men and women
together.24 2> More work is needed to determine if glycemic control after diabetes diagnosis
can reduce cancer mortality.

To our knowledge, this is the first study to find a positive association between low glycated
hemoglobin and cancer incidence in women. Low glycated hemoglobin was also associated
with a marked increased risk of cancer death among women. Low glycated hemoglobin may
be a marker for poor health overall, or for cancer before it is detected. However, in our
analysis, reverse causation did not appear to account for these findings; analyses excluding
cases that occurred during the first half of follow-up did not change our inferences. Low
glycated hemoglobin, in men and women, has been associated with increased risk of all
cause mortality;23: 29: 35-37 and cancer mortality in one,23 but not another study.36
Additional research is needed to better characterize those with low glycated hemoglobin.

Our study had several limitations. We relied on one measurement of glycated hemoglobin as
a marker of hyperglycemia. Diagnosis of diabetes was self-reported and not validated, but
reports were supplemented participant use of diabetes medication. We could not distinguish
between type 1 diabetes and type 2 diabetes; however, type 2 diabetes accounts for up to
95% of all diagnosed diabetes in the United States.3® Although black participants had higher
average glycated hemoglobin than white participants, findings were similar between groups.
Outcomes were obtained through cancer registries supplemented by community surveillance
and participant follow-up, though information on stage and grade of cancer at diagnosis was
not available. Sample sizes were small for site-specific cancer evaluation.

In this community-based prospective cohort study, elevated glycated hemoglobin was
associated with an approximately 25% increased risk of cancer incidence and 60% increased
risk of mortality among non-diabetic women. Diabetic women had double the risk of cancer
mortality. Glycated hemoglobin and diabetes were not statistically significantly associated
with cancer risk in men. Diabetic women with good glycemic control had a decreased risk of
cancer mortality. Our study suggests the maintenance of normal glycated hemoglobin values
among non-diabetic adults, and good glycemic control among diabetic adults, may reduce
the burden of cancer, especially in women.
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Figure 1. Multivariable-adjusted hazard ratio of cancer incidence and glycated hemoglobin
using restricted quadratic splines with knots at the 10th, 50th, and 90th percentiles

Gray shading represents 95% confidence interval; background histogram, distribution of
glycated hemoglobin in the sub-population. All models adjusted for age (continuous) at the
second visit, race/ethnicity (white, black), ARIC study site, education level (less than high
school, high school/equivalent, college or above), cigarette smoking status (never, former,
current), cigarette-years smoked (continuous), body mass index (continuous), and waist
circumference (continuous). A: Among non-diabetic women; 5.0% reference; also adjusted
for post-menopausal hormone use (no, yes). B: Among non-diabetic men; 5.0% reference.
C: Among diabetic women; 7.0% reference; also adjusted for post-menopausal hormone use.
D: Among diabetic men; 7.0% reference.

Int J Cancer. Author manuscript; available in PMC 2014 January 29.

Percentage of the population

-1

Percertage of the population



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Joshu et al.

Hazard ratio

rato

Harard

§

%

2

- u-§

£

s

.3

8

é

" H ar Y
AIC%

-

i

wE

&

T

.E

]

a

: 7 :
AICH

Hazard ratio

-

Harard rato

- oo

Page 12

458

M
AIC%

Figure 2. Multivariable-adjusted hazard ratio of cancer mortality and glycated hemoglobin
using restricted quadratic splines with knots at the 10th, 50th, and 90th percentiles
Gray shading represents 95% confidence interval; background histogram, distribution of
glycated hemoglobin in the sub-population. All models adjusted for age (continuous) at the
second visit, race/ethnicity (white, black), ARIC study site, education level (less than high
school, high school/equivalent, college or above), cigarette smoking status (never, former,
current), cigarette-years smoked (continuous), body mass index (continuous), and waist
circumference (continuous). A: Among non-diabetic women; 5.0% reference; also adjusted
for post-menopausal hormone use (no, yes). B: Among non-diabetic men; 5.0% reference.
C: Among diabetic women; 7.0% reference; also adjusted for post-menopausal hormone use.

D: Among diabetic men; 7.0% reference.
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