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Association of Type 2 Diabetes
With Cancer: A Meta-analysis
With Bias Analysis for

Unmeasured Confounding in
151 Cohorts Comprising
32 Million People
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BACKGROUND AND PURPOSE

Whether the association between type 2 diabetes (T2D) and cancer is causal remains
controversial. The goal of this work is to assess the robustness of the observational
associations between T2D and cancer to unmeasured confounding.

DATA SOURCES AND STUDY SELECTION

PubMed, Web of Science, and the Cochrane library were systematically searched on
10 January 2019 for observational studies investigating associations between T2D
and cancer incidence or mortality.

DATA EXTRACTION AND DATA SYNTHESIS

Cohort-level relative risk (RR) was extracted. RRs were combined in random-effects
meta-analyses and pooled estimates used in bias analyses. A total of 151 cohorts
(over 32 million people, 1.1 million cancer cases, and 150,000 cancer deaths) were
included. In meta-analyses, T2D was associated with incidence of several cancers,
from prostate (RR 0.83; 95% ClI 0.79, 0.88) to liver (2.23; 1.99, 2.49), and with
mortality from pancreatic cancer (1.67; 1.30, 2.14). In bias analyses, assuming an
unmeasured confounding associated with both T2D and cancer with a RR of 1.5, the
proportion of studies with a true effect size larger than a RR of 1.1 (i.e., 10%
increased risk in individuals with T2D) was nearly 100% for liver, pancreatic, and
endometrial, 86% for gallbladder, 67% for kidney, 64% for colon, 62% for colorectal,
and <50% for other cancer incidences, and 92% for pancreatic cancer mortality.

LIMITATIONS
Biases other than unmeasured confounding were not analytically assessed.

CONCLUSIONS

Our findings strongly suggest a causal association between T2D and liver, pancreatic,
and endometrial cancer incidence, and pancreatic cancer mortality. Conversely,
associations with other cancers were less robust to unmeasured confounding.
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Diabetes mellitus is a group of metabolic
disorders characterized by hyperglycemia,
resulting from deficient insulin secretion
and/or action (1). It was estimated that
425 million people worldwide were af-
fected by diabetes in 2017, with more than
90% being patients with type 2 diabetes
(T2D) (2). Compared with their counter-
parts, people with T2D have a higher risk of
premature death, mainly attributable to
cardiovascular diseases (3).

In original longitudinal studies and
meta-analyses, diabetes has also been
associated with an increased risk of can-
cer incidence and mortality (4,5). How-
ever, it remains unclear whether T2D is
causally related to cancer or rather the
association is confounded by other fac-
tors connected to both T2D and cancer. In
fact, the increasing prevalence and ear-
lier onset of T2D coincides with that of
overweight and obesity (6,7). Therefore,
it has been argued that the association
between T2D and cancer could be non-
causal and rather reflect a true, causal
link between excess adiposity and can-
cer. Delineating the causality between
T2D and specific cancers is important for
identifying high-risk groups that could be
efficiently targeted for early detection
strategies and preventive interventions.
Detecting and treating cancers at an
earlier stage will lead to improved pa-
tient outcomes and survival (8).

In an experimental setting, confound-
ing may be controlled for by randomi-
zation. This process, however, is not
always feasible. Adjustment for con-
foundersis, therefore, one of the most
common approaches to control for
confoundinginobservational studies.
Residual confounding from unmeasured
factors may still exist and bias the esti-
mation. Such bias may be quantified in a
sensitivity analysis (also known as bias
analysis). This analysis enables research-
ers to quantify the sensitivity of associ-
ations to unmeasured confounders, i.e.,
the strength to which the unmeasured
confounder(s) need to be associated to
the exposure (T2D) and outcome (can-
cer) to nullify the association. This ana-
lytical strategy therefore helps estimate
the likelihood of causality between an
exposure and an outcome, both in the
original observational studies and the
meta-analysis (9,10). It has been used
in previous studies on hypoglycemia
and cardiovascular diseases (11), non-
alcoholic fatty liver disease and T2D

(12), or physical activity and liver can-
cer (13), but not in the context of T2D
and cancer.

In this study, we conducted a system-
atic review and meta-analysis with bias
analysis for unmeasured confounding to
quantify the proportion of studies with
an unconfounded association between
T2D and risk of cancer incidence and
mortality, thereby helping to character-
ize the nature of this relationship.

METHODS

Data Sources and Searches

We updated the search of the umbrella
review on T2D and cancer published in
2015, which included all relevant meta-
analyses up to December 2013 (4). On
10 January 2019, we searched PubMed,
Web of Science, and the Cochrane Library
of Systematic Reviews for meta-analyses
and original observational studies that
reported on the association between di-
abetes and cancer incidence or mortality.
The search keywords and algorithm are
presented in Supplementary Fig. 1. We
screened titles, abstracts, and bibliogra-
phies of all relevant meta-analyses. Ar-
ticles were included for further review if it
was uncertain whether to exclude them at
this stage. We followed the Preferred
Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines
in reporting this meta-analysis (14). The
PRISMA checklist is shown in the
Supplementary Material.

Study Selection

Studies were eligible if they reported the
estimates (with 95% Cls, SEs, or P values)
for the longitudinal association of T2D
with cancer incidence or mortality. Fol-
lowing the rare disease assumption (low
number of cancer events), we assumed
rate ratio, hazard ratio, and odds ratio to
approximate the relative risk (RR) (15).
Studies were excluded if 1) the reported
association was based on the comparison
between people with diabetes and the
general population (instead of people
without diabetes); 2) the cohort focused
on some specific populations (e.g., pa-
tients with infections associated with a
higher risk of cancer) or explicitly included
type 1 diabetes only; 3) the exposure-
outcome association was reported for
continuous change of glucose levels;
4) the outcome was not cancer incidence
or mortality (e.g., adenoma); 5) several
cohorts were combined and the estimate
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for each cohort was not available. If
articles used the same database with
no overlapping populations and calendar
years of follow-up, we included them as
distinct cohorts. If several articles re-
ported the same outcome and used the
same cohort, we included that with the
largest person-time-at-risk value.

Data Extraction and Quality
Assessment

We used a standardized form to extract
data on age, follow-up duration, BMI,
exposures, outcomes, and confounders
for each included cohort, as well as num-
ber of events and participants, person-
years and the most-adjusted estimates
for each outcome. We assessed the qual-
ity of studies using the Newcastle-Ottawa
Scale (NOS) (16), in which we considered
age, sex, and BMI as key confounders in
the association between T2D and cancer.

Data Synthesis and Analysis

A within-cohort fixed-effect meta-analysis
was firstly performed to obtain an over-
all estimate if RRs were stratified (e.g.,
by sex or age groups). Our primary anal-
yses sought to quantitatively pool the
RR of associations between T2D and
each cancer incidence or mortality in both
sexes and detect any potential bias from
unmeasured confounding. To include the
largest set of individuals, we also included
cohorts that only reported on one sex in
our primary analyses. Meta-analyses and
bias analyses were also stratified by sex,
where possible.

For each outcome, RRs were meta-
analyzed using a restricted maximum-
likelihood random-effects model with
Cls obtained by the Knapp and Hartung
method (17). Heterogeneity across co-
horts was quantified by /* statistics
(18), and publication bias was assessed
with the funnel plot and Egger’s test (19).
The bias analysis for unmeasured con-
founding in a meta-analysis, following the
methodology proposed by Mathur and
VanderWeele (9), quantifies the propor-
tion of studies with a scientifically mean-
ingful effect size (i.e., if it is assumed an
increased risk in individuals with T2D, a
true effect size above a prespecified RR;
otherwise, below a prespecified RR) for
various magnitudes of unmeasured con-
founding. Considering a certain amount of
unmeasured confounding, the larger the
proportion of studies with the true effect
size, the more likely the association is
causal. The stronger the unmeasured
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Table 1—Cohort-level information for each cancer outcome
Median of mean

Males o . Median of mean age follow-up (years) Median of mean BMI
anly only (years) across cohorts across cohorts (kg/m?) across cohorts Confounding adjustment: n (%) of cohorts adjusted for

Cancer (n/N) (n/N) No. DM NDM No. DM NDM No. DM NDM Age Sex BMI Smoking Alcohol Others

Incidence
All-site 1/30 0/30 23 62 56 14 9 10 6 25 25 29(96.6) 29(96.6) 14 (46.6) 15(50.0) 11(36.6) 24(80.0)
Bladder 2/30 2/30 24 62 58 16 9 9 3 23 23 28(93.3) 29(96.6) 13(43.3) 13(43.3) 10(33.3) 24(80.0)
Breast 0/32 32/32 25 62 58 15 8 9 6 27 25 31(96.9) 31(96.8) 17(53.1) 13(40.6) 12(37.5) 26(81.2)
Colon 2/24 2/24 19 64 62 13 11 11 5 26 27 24 (100) 24 (100) 16 (66.6) 11(45.8) 10(41.6) 21(87.5)
Colorectal 5/47 4/47 37 62 58 23 10 11 11 28 25 46(97.9) 46(97.8) 24(51.0) 24(51.0) 18(38.2) 39(82.9)
Endometrium 0/15 15/15 13 62 61 11 7 9 3 28 25 14(93.3) 14(93.3) 7 (46.6) 2 (13.3) 3 (20.0) 13(86.6)
Esophagus 1/19 1/19 17 62 62 6 10 11 3 23 23 19 (100) 19 (100) 8 (42.1) 7 (36.8) 7 (36.8) 17(89.4)
Gallbladder 1/17 1/17 15 61 52 7 11 11 4 23 23 17 (100) 17 (100) 10(58.8) 10(58.8) 8 (47.0) 13(76.4)
Kidney 2/23 2/23 19 63 59 9 8 9 4 26 25 23 (100) 23 (100) 11(47.8) 11(47.8) 9 (39.1) 19(82.6)
Leukemia 1/12 0/12 10 63 60 4 11 11 1 23 23 12 (100) 12 (100) 5 (41.6) 5 (41.6) 4 (33.3) 10(83.3)
Liver 3/36 3/36 29 61 55 17 11 12 8 24 23 32(88.9) 33(91.6) 18(50.0) 18(50.0) 16 (44.4) 29(80.5)
Lung 2/32 2/32 26 61 56 17 8 8 7 26 24 31(96.9) 31(96.8) 17(53.1) 17(53.1) 14(43.7) 26(81.2)
Melanoma 1/11 0/11 9 61 60 4 7 10 0 — — 11 (100) 11 (100) 3 (27.2) 1(9.1) 1(9.1) 9 (81.8)
NHL 1/19 0/19 14 63 52 9 8 9 0 = = 19 (100) 19 (100) 8 (42.1) 6 (31.5) 4 (21.0) 14(73.6)
Ovary 0/20 20/20 17 64 60 9 8 9 2 25 24 19(95.0) 19(95.0) 9 (45.0) 6 (30.0) 5 (25.0) 17(85.0)
Pancreas 3/38 3/38 31 62 58 15 10 10 9 26 26 36(94.6) 36(94.7) 17(44.7) 19(50.0) 14(36.8) 31(81.5)
Prostate 39/39 0/39 27 62 59 18 9 9 9 26 25 35(89.6) 38(97.4) 18(46.1) 17(43.5) 10(25.6) 33(84.6)
Rectum 2/24 2/24 19 64 62 13 11 11 5 26 27 24 (100) 24 (100) 16(66.6) 11(45.8) 10(41.6) 21(87.5)
Stomach 2/28 2/28 24 62 56 14 8 8 5 25 24 28 (100) 28 (100) 14 (50.0) 13(46.4) 11(39.2) 23(82.1)
Thyroid 1/14 0/14 12 62 58 8 9 10 2 31 27 13(92.9) 13(92.8) 5 (35.7) 4 (28.5) 2 (14.2) 12(85.7)

Mortality
All-site 2/17 1/17 11 59 55 9 16 16 9 27 26 17 (100) 16(94.1) 13(76.4) 16(94.1) 9 (52.9) 14(82.3)
Pancreas 1/11 0/11 8 56 51 6 17 17 5 26 25 11 (100) 11 (100) 6 (54.5) 10(90.9) 5 (45.4) 8 (72.7)

Dash indicates not available. DM, people with diabetes; Females only (n/N), number of cohorts including only females; Males only (n/N), number of cohorts including only males; NDM, people without diabetes; No.,
number of cohorts reporting relevant information.
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confounding needed to be to reduce the
proportion of studies with the true effect
size, the more likely the association is
causal. If no unmeasured confounding was
needed to reduce the proportion (i.e.,
unmeasured confound with a RR of 1.0),
the association is considered unlikely
to be causal. In the current analysis, we
modeled a wide range of possibilities: we
estimated the proportion of studies with a
true effect size stronger than various
prespecified RRs, ranging from 0.5 to0 2.0
(20), assuming the unmeasured con-
founding factor associated with both
T2D and cancer with various RRs, ranging
from 1.0 to 4.0 (Supplementary Fig. 2).
In line with Mathur and VanderWeele
(9), we selected a prespecified RR of
1.1 and 0.9 (i.e., 10% increased or de-
creased risk, respectively) as the minimum
threshold for an apparently causative
association. We considered the associa-
tion between T2D and cancer likely to
be causal if the proportion of studies with
the effect size stronger than this mini-
mum threshold was more than 70%
(9), accounting for an unmeasured con-
founding with a RR of 1.5 based on the
levels of adjustments in the individual
studies included in the meta-analysis
(Table 1). With constant prespecified
RR and unmeasured confounding RR,
a greater proportion suggests a stronger
evidence for a causal relationship. Esti-
mates for other combinations of con-
founding strengths, prespecified RRs,
and proportions were also calculated,
and they are available on GitHub (21)
for main and sex-stratified analysis. To
compare the probabilities of causality
among different cancers, bias analyses
were conducted for cancer-specific out-
comes reported in at least 10 cohorts.
As the current bias analysis specifi-
cally evaluates the robustness to un-
measured confounding, to minimize
other sources of bias, such as reverse
causality and detection bias, we have
further conducted analyses including
only studies where such biases were
deemed low (i.e., studies with appro-
priate outcome assessment and long
enough and adequate follow-up, using
the criteria reported in the outcome
section in the NOS) (16).

All analyses were conducted in R for
Windows (version 3.6.1) using the “Evalue”
and “metafor” packages (10,22); Stata/IC
16.0 (StataCorp, College Station, TX) was
used for data manipulations and graphs.

Two-side P value <0.05 was nominally
considered statistically significant; results
are reported with 95% Cls.

RESULTS

Characteristics of Included Studies
We identified 2,138 reports in the sys-
tematic search. After title and abstract
screening and manual review of bibliog-
raphies of 45 meta-analyses, 351 articles
were deemed relevant for full-text as-
sessment (Supplementary Fig. 1). Of them,
154 articles, including 163 cohorts, re-
ported estimates on the association
between T2D and cancer incidence or
mortality. The studies excluded and
reasons for exclusion are reported in
Supplementary Table 1. We analyzed
outcomes if they were reported in 10 or
more cohorts. As a result, 144 articles
with 151 cohorts were included in the
final quantitative analysis, with infor-
mation on over 32 million people, 1.1
million incident cancer cases, and 150,000
cancer deaths. References of the included
studies are reported in the Supplementary
Material.

The characteristics of the included co-
horts are presented in Supplementary
Table 2. The quality of studies was me-
dium to high: the NOS score ranged from
4 to 9 (out of 9) with a median of 7
(Supplementary Fig. 3). Of the 151 included
cohorts, 128 reported RRs only on cancer
incidence, 18 only on cancer mortality, and
5 on both. Overall, the quantitative anal-
yses were possible for all-site cancer in-
cidence and mortality, 19 cancer-specific
sites for incidence, and only pancreatic
cancer for mortality. The number of co-
horts ranged from 47 for colorectal cancer
incidence to 11 for melanoma and pan-
creatic cancer mortality. Stratified anal-
yses by sex were possible for all-site
cancer incidence and mortality and for
an additional 10 for cancer-specific in-
cidence. Table 1 shows the cohort-level
information for each cancer outcome.

Meta-analyses

Thirty cohorts, including 15,498,790 indi-
viduals and 816,630 incident cancer cases,
reported on the association between T2D
and all-site cancer incidence. The pooled
RR was 1.15 (95% CI 1.10, 1.21), with
heterogeneity across cohorts (> =
98.8%, P < 0.001) (Fig. 1). The cohort-
specific RRs ranged from 0.93 (0.93, 0.93)
to 1.80 (1.27, 2.55) (Supplementary Fig.
4A). For cancer-specific incidence, meta-
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analyses showed that T2D was associated
with a decreased risk of prostate cancer
(pooled RR: 0.83; 0.79, 0.88) but an in-
creased risk of female breast (1.10; 1.05,
1.15), non-Hodgkin lymphoma (1.12; 1.02,
1.24), ovary (1.14; 1.03, 1.26), bladder
(1.19; 1.09, 1.29), leukemia (1.19; 1.07,
1.31), stomach (1.19; 1.05, 1.35), thyroid
(1.20; 1.12, 1.29), rectum (1.23; 1.13,
1.35), colorectal (1.29; 1.23, 1.36), colon
(1.30;1.22,1.39), kidney (1.32;1.21, 1.44),
gallbladder (1.61; 1.34, 1.93), endome-
trium (1.63; 1.41, 1.88), pancreas (2.09;
1.88, 2.33), and liver (2.23; 1.99, 2.49)
cancers, with significant heterogeneity
across cohorts in all analyses (/* ranging
from 51.3% for ovarian to 94.8% for liver
cancer) except thyroid cancer (* = 28.3%)
(Fig. 1 and Supplementary Fig. 4A—C).
Meta-analyses did not show significant
associations between T2D and inci-
dence of esophageal cancer (1.01;
0.89, 1.15), lung (1.05; 0.99, 1.12),
or melanoma (1.06; 0.95, 1.19) (Fig. 1).

Seventeen cohorts, including 3,500,363
people and 147,480 cancer deaths, re-
ported on the association between T2D
and all-site cancer mortality. The pooled
RR was 1.25 (95% ClI 1.18, 1.33), with
heterogeneity across cohorts (1> = 80.4%,
P < 0.001) (Fig. 1). The cohort-level RRs
ranged from 0.74 (0.45, 1.21) to 1.57
(1.12, 2.20) (Supplementary Fig. 4C). Can-
cer-specific mortality was only available for
pancreatic cancer (1.67; 1.30, 2.14), with
heterogeneity across cohorts (I> = 65.3%,
P = 0.002) (Supplementary Fig. 4C).

Funnel plots for all outcomes are pre-
sented in Supplementary Fig. 5A and B.
There was no clear evidence of publication
bias.

In sex-stratified analyses, the pooled
associations between T2D and all-site
cancer incidence and mortality were
slightly higher in females than males
(Fig.1):1.20(95% Cl, 1.11,1.29) vs. 1.11
(1.04,1.19) forincidence and 1.28 (1.18,
1.40)vs. 1.21(1.13,1.30) for mortality. A
slightly higher heterogeneity for all-site
cancer incidence versus mortality was
also observed: 89.8% vs. 77.0% in fe-
males and 97.1% vs. 74.6% in males.
Figure 1 shows sex-stratified pooled esti-
mates for cancer-specific incidence.
Supplementary Fig. 6A—C gives the cohort-
level estimates, and Supplementary Fig. 7A
and B provides the corresponding funnel
plots.

Supplementary Tables 3 and 4 report
results of the meta-analyses restricted
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Main analysis

Incidence Cohorts
Prostate 39
Esophagus 19
Lung 32
Melanoma 1
Breast 32
NHL 19
Ovary 20
All-site 30
Bladder 30
Leukemia 12
Stomach 28
Thyroid 14
Rectum 24
Colorectal 47
Colon 24
Kidney 23
Gallbladder 17
Endometrium 15
Pancreas 38
Liver 36

Mortality
All-site 17
Pancreas 1

Sex-stratified analysis

Incidence

17
All-site

18

13
Bladder

16

14
Colon

13

28
Colorectal

29

1"
Gallbladder

12

12
Kidney

14

16
Liver

17

1
Lung 3

14

17
Pancreas

17

15
Rectum

14

13
Stomach

14

Mortality

1"
All-site

12

—— Females

TotaINEl\jl::ll:ser o Total Participants RR (95% CI 12
187,279 13,982,425 - 0.83 (0.79, 0.88) 91.3%
18,497 12,140,419 —— 1.01(0.89, 1.15) 82.8%
154,787 16,149,760 RS 1.05 (0.99, 1.12) 92.0%
7,994 8,816,261 —— 1.06 (0.95, 1.19) 43.0%
55,858 8,361,221 - 1.10 (1.05, 1.15) 66.5%
19,637 12,554,832 —— 1,12 (1.02, 1.24) 74.8%
4,768 7,037,739 —— 1.14 (1.03, 1.26) 51.3%
816,630 15,498,790 - 1.15 (1.10, 1.21) 98.8%
43,002 15,869,950 —— 1.19 (1.09, 1.29) 87.0%
15,774 11,441,697 —— 1.19(1.07,1.31) 69.4%
22,172 14,443,780 —— 1.19 (1.05, 1.35) 92.9%
5,316 12,942,538 —— 1.20 (1.12, 1.29) 28.3%
25,448 9,106,528 —— 1.23(1.13,1.35) 70.8%
104,351 18,416,872 - 1.29 (1.23, 1.36) 88.6%
48,923 9,128,887 —— 1.30 (1.22, 1.39) 83.7%
18,722 13,169,811 —— 1.32 (1.21, 1.44) 74.7%
4,404 12,738,195 — 1.61(1.34, 1.93) 73.4%
6,260 3,147,440 —— 1.63 (1.41,1.88) 76.2%
32,713 23,595,620 —— 2.09 (1.88,2.33) 93.8%
41,464 16,760,921 —— 2.23 (1.99, 2.49) 94.8%
147,480 3,500,363 - 1.25 (1.18, 1.33) 80.4%
5,082 3,487,609 —— 1.67 (1.30, 2.14) 65.3%
47,449 3,478,491 —— 1.20 (1.1, 1.29) 89.8%
454,124 8,187,414 —— 1.11(1.04, 1.19) 97.1%
1,698 3,145,115 — 1.28 (1.1, 1.48) 32.9%
25,797 8,453,856 —— 1.18 (1.10, 1.26) 64.9%
7,218 1,484,209 — 1.30 (1.16, 1.46) 51.0%
30,143 5,724,648 - 1.21(1.16, 1.25) 0%
20,214 4,848,935 - 1.30 (1.23, 1.36) 39.5%
51,025 8,913,761 - 1.26 (1.20, 1.32) 53.9%
499 2,746,132 —_— 1.68 (1.18,2.39) 35.0%
1,979 7,906,859 — 1.49 (1.24, 1.80) 43.3%
1,431 2,777,233 —— 1.56 (1.40, 1.75) 25.7%
10,860 7,984,350 — 1.23 (1.1, 1.36) 53.8%
781 3,705,321 —————— 2.17(1.71,2.75) 76.0%
6,732 8,261,415 ——  2.26(1.94,262) 84.0%
7,803 2,259,380 Ea 1.09 (0.97,1.21) 41.8%
111,859 6,939,273 —e— 1.03 (0.90, 1.17) 90.6%
6,743 6,856,264 ————  2.06(1.68,253) 87.7%
17,355 12,233,146 — 2.04(1.70, 2.43) 91.2%
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| Figure 1—Meta-analyses of all-site and site-specific cancer incidence and mortality. RR, pooled relative risk.

to 120 cohorts with adequate out-
come assessment and follow-up. The
pooled RRs and heterogeneity for
each outcome were generally consis-
tent with those quantified in the main
analysis.

Bias Analyses

There were 19 cancer-specific incidence
and 1 mortality outcomes available for
bias analyses. Figure 2 shows the pro-
portions of studies with the true effect
size stronger than various prespecified

RRs, ranging from 0.5 to 1.0 for prostate
cancer incidence and from 1.0 to 2.0 for
all other cancer outcomes, under an
unmeasured confounding strength rang-
ing from 1.0 to 4.0. Sex-stratified esti-
mates are shownin Supplementary Fig. 8.
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that a causal association is more likely.

For cancer incidence, with an unmea-
sured confounding of 1.5, more than 70%
of studies had a true effect size larger
than a RR of 1.5 for liver and pancreatic
cancer; larger than 1.3 for endometrial
cancer; larger than 1.2 for gallbladder
cancer; and larger than 1.0 for kidney,
colon, colorectal, rectum and thyroid
cancer. For stomach, leukemia, blad-
der, ovarian, non-Hodgkin’s lymphoma
(NHL), breast, melanoma, lung, esoph-
agus, and prostate cancers, the propor-
tions were lower than 70% assuming a
true effect size stronger than 1.0 and an
unmeasured confounding with a RR of
1.5. For pancreatic cancer mortality,
with the same confounding strength,
more than 70% of studies had an effect
size larger than 1.3.

Figure 3 presents the estimated pro-
portion of studies with a 10% and 30%
increased risk of outcome (or corre-
sponding decreased risk of prostate

cancer incidence) under an unmea-
sured confounding strength of 1.5. Un-
der this assumption, the proportion of
studies with a true effect size larger
than a RR of 1.1 (i.e,, 10% increased
risk in individuals with T2D) was 98%
(95% Cl 94, 100%) for liver, 97% (92,
100%) for pancreatic, 94% (78, 100%) for
endometrial, 86% (64, 100%) for gall-
bladder, 67% (43, 91%) for kidney, 64%
(45, 83%) for colon, 62% (48, 77%) for
colorectal, 48% (23, 75%) for rectum,
44% (25, 62%) for stomach, 39% (20,
58%) for bladder, 33% (0, 66%) for
leukemia, 32% (0, 72%) for thyroid,
24% (0, 53%) for ovarian, 24% (O,
49%) for NHL, 16% (0, 35%) for esoph-
agus, 12% (0, 24%) for lung, 8% (0, 20%)
for breast, and 3% (0, 22%) for mela-
noma cancer incidence (Fig. 3). For a
true effect size larger than a RR of 1.3
(30% increased risk), estimates were
92% (84, 100%) for liver, 90% (80, 99%)

Figure 2—Proportions of studies with a true effect stronger than various prespecified RRs. Subtitles show the cancer-specific number of cohorts and
number of events/people. Within each panel is shown the pooled RR with 95% CI derived from the random-effects meta-analysis. X-axes show the
unmeasured confounding strength, associated with both diabetes and cancer, with a RR ranging from 1.0 to 4.0 (green grid line: 1.5). Y-axes show the
proportions of studies with the true effect stronger than each prespecified RR for the association between diabetes and cancer: 0.5 to 1.0 for prostate
cancer incidence and 1.0 to 2.0 for other outcomes (green grid line: 70%). The lines show each prespecified RR. The green areas show whether the
association between T2D and cancer is likely to be causal if the proportion of studies with the true effect size is more than 70% and the unmeasured
confounding needed to attenuate the effect is stronger than 1.5. The degree to which the lines are in the right upper quadrant (green area) indicates the

for pancreatic, 72% (44, 100%) for
endometrial, 65% (37, 92%) for gall-
bladder, and less than 25% for other
cancers incidence. For a 10% and 30%
decreased risk of prostate cancer in-
cidence in people with T2D, propor-
tions were 37% (20, 54%) and 1% (O,
4%), respectively (Fig. 3). For pancre-
atic cancer mortality, assuming the
same strength of unmeasured con-
founding of 1.5, the proportions of
studies with a true effect size larger
thanaRRof 1.1 and 1.3 were 92% (68,
100%) and 73% (34, 100%), respec-
tively (Fig. 3). Bias analyses restricted
to the 120 cohorts with adequate out-
come assessment and follow-up are
shown in Supplementary Tables 5 and
6. The results were consistent with those
of the main analysis, except for the lower
proportions of studies with true effect size
stronger than 1.1 and 1.3 for endometrial
cancer incidence—10% risk: 94% in the

220z 1snbny /g uo 3senb Aq 4pd-y0Z002oP/S18629/€ | £2/6/€ isPpd-ejole/e1ed/B10°s|euinolssleqelp//:dpy woly papeojumoq


https://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc20-0204/-/DC1
https://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc20-0204/-/DC1

care.diabetesjournals.org

Ling and Associates

2319

Main analysis

Sex-stratified analysis
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Figure 3—Proportions of studies with an unconfounded association of T2D with cancer. Estimated proportions of studies with a 10% and 30% increased
risk (or reduced risk for prostate cancer) under an unmeasured confounding strength of 1.5. A 10% risk indicates a prespecified RR in people with T2D of
1.1 (or 0.9 for prostate cancer incidence), and a 30% risk indicates a prespecified RR in people with T2D of 1.3 (or 0.7 for prostate cancer incidence). Bars

indicate 95% ClI.

main analysis versus 80% in the restricted
analysis; 30% risk: 72% in the main analysis
versus 55% in the restricted analysis.
Supplementary Fig. 9 shows the
strength of unmeasured confounding
needed to reduce the proportion of
studies, with the true effect size stron-
ger than various prespecified RRs, to
values lower than 70% and 90%. The
strength of unmeasured confounding
needed to nullify the association be-
tween T2D and cancer (i.e., to reduce the
proportion of studies with an true effect
larger than a prespecified RR of 1.0 to a
value lower than 70%) ranged from 3.3 for
liver cancer to 1.1 for melanoma cancer
incidence and 2.4 for pancreatic cancer
mortality (Supplementary Fig. 9). Cor-
responding estimates to reduce the pro-
portion to a value lower than 90% were 2.4
for liver cancer and 1.0 (i.e., no further
confounding was needed) for melanoma
cancer incidence and 1.9 for pancreatic
cancer mortality (Supplementary Fig. 9).

DISCUSSION

Using cohort-level data, this meta-analysis
summarized the associations between
T2D and cancer incidence and mortal-
ity and, in a bias analysis, quantified the
robustness of the observational asso-
ciations to unmeasured confounding
to estimate the likelihood of causality.
Theresults, obtained from 151 cohorts
reporting data on 32 million people,
more than 1.1 million cancer incidence
events and 150,000 cancer deaths, in-
dicated that people withT2D havea 15—
25% higher risk of all-site cancer in-
cidence and mortality compared with
those without. In particular, T2D was
associated with a decreased risk of
prostate cancer incidence; an increased
risk of breast, NHL, ovarian, bladder,
leukemia, stomach, thyroid, rectum,
colorectal, colon, kidney, gallbladder,
endometrial, pancreatic, and liver can-
cer incidence; and pancreatic cancer
mortality. Conversely, there was no

clear evidence of associations with
melanoma, esophagus, or lung cancer
incidence. The bias analyses for un-
measured confounding were strongly
suggestive for causal associations be-
tween T2D and liver, pancreatic, and
endometrial cancerincidence, and pan-
creatic cancer mortality; the associa-
tion with gallbladder cancer incidence
was likely to be causal; associations with
kidney, colorectal, and thyroid cancer
incidence were less robust to unmea-
sured confounding; while the associa-
tion with leukemia, prostate, breast,
bladder, stomach, ovarian, NHL, mela-
noma, lung, or esophageal cancer was
unlikely to be causal.

Although causal inference using ob-
servational studies is weaker than that
obtained from randomized controlled
experiments (i.e., randomized controlled
trials), in recent years there has been an
increasing interest on inferring causal-
ity from nonrandomized studies because
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randomized experiments are not always
possible (23). Alongside the methodol-
ogy of Mendelian randomization, which
presents some important challenges to
infer causality from observational data
(24,25), bias analysis for unmeasured con-
founding, in both single observational stud-
ies and meta-analyses, allowed to assess
the strength of causal evidence by es-
timating how robust the associations
are to unmeasured confounding (9,10).

Previous systematic reviews and meta-
analyses exploring the association be-
tween T2D and cancer have shown an
increased risk for many (26-29), but not
all (30,31), cancers. These findings are
generally consistent with ours. However,
our analysis included more recent stud-
ies; excluded nonlongitudinal studies;
and used the Knapp and Hartung method
which has been suggested in random-
effects meta-analyses with high hetero-
geneity across studies (17). Inan umbrella
review including 18 meta-analyses (4),
one of the few studies that assessed the
potential bias in the association between
diabetes and cancer, the authors esti-
mated cancer-specific 95% prediction
intervals, which predicted the potential
effect of the exposure in a future in-
dividual study setting (32,33). Of the
27 prediction intervals reported, only
four excluded the null value (breast,
intrahepatic cholangiocarcinoma, colo-
rectal, and endometrial cancerincidence)
(4). These results are to some extent in
line with our findings, except for breast
and pancreatic cancer. However, the
bias analysis we used in this study en-
abled to quantify the proportions of stud-
ies with a true (causal) effect for different
values of prespecified risk and a range
of values of unmeasured confounding
(9,20,34), giving the possibility to assess
the strength of causal evidence under
different assumptions.

T2D and cancer share several common
risk factors, such as ageing, obesity, un-
healthy diet, physical inactivity, alcohol,
and smoking (35). The association be-
tween T2D and cancer observed in epi-
demiological studies may be confounded
by these factors, although more recent
studies included in our analysis have ac-
counted for these confounders, particu-
larly BMI (20). Our findings indicated that
the strength of the association of T2D with
several cancers, including breast, ovarian,
bladder, or stomach, was not robust
enough to unmeasured confounding.

T2D increases the risk of cancer via
multiple potential biological mechanisms.
While a direct effect of hyperglycemia is
possible and supported by the evidence of
an association between type 1 diabetes and
cancer (36), the indirect effects of hyper-
insulinemia, insulin resistance, chronic in-
flammation, and hormones imbalance have
also been suggested as contributing factors
(20,35). Mendelian randomization studies
have showed that genetically predicted
high insulin levels and obesity, but not
diabetes, were associated with breast,
endometrial, and pancreatic cancer inci-
dence (37-39). These findings are in con-
trast with some of our results. However,
rather than completely contradicting the
association of T2D with cancer observed in
epidemiological studies, Mendelian ran-
domization studies could suggest that the
relative contribution of insulin-related and
hyperglycemia-related mechanisms may
differ for different cancers (38). Other
possible explanations are the potential
violation of the assumptions in the Men-
delianrandomization or the larger statistical
power (sample size) required to detect the
relatively small effect of T2D-related ge-
netic variants on cancer outcomes (37-40).
Of note, our analyses confirmed the inverse
association between T2D and prostate
cancer incidence, which has been reported
in several studies, yet the mechanisms
underlying this relation remain unclear
(from the lower androgen levels in individ-
uals with diabetes to the protective effects
of some diabetes medications) (41). In this
regard, the uncertainty about biological
plausibility concurs with the results of
this bias analysis, suggesting that the
association could be subject to unmea-
sured confounding.

Although our analyses reaffirmed the
robust evidence for a causative associ-
ation between T2D and liver, pancre-
atic, and endometrial cancer, it remains
unclear which characteristics of diabe-
tes are (most) accountable for such an
increased risk. In view of the complex
metabolic and clinical nature of T2D,
several factors of T2D may increase the
risk of cancer. An earlier diagnosis of
T2D and an improved management of
cardiovascular risk factors have re-
sulted in a longer life expectancy in
people with T2D (42—-44), with the con-
sequent longer exposure to the detri-
mental effects of hyperglycemia, insulin
resistance, and chronic inflammation,
all potentially associated with an increased
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risk of cancer (45). As most of the in-
cluded studies used a prevalent cohort
design, people with T2D in the cur-
rent analysis were at different stages
of diabetes with variable duration, re-
sulting in the inclusion of individuals
with heterogeneous phenotypes of in-
sulin resistance and B-cell dysfunction
during the dynamic changes of hyper-
glycemiainT2D (1). This may contribute
to the heterogeneity observed in our
meta-analyses for several cancer out-
comes, in view of the role of hyper-
insulinemia on cell proliferation (45).
Another emerging area is the potential
impact of glucose-lowering pharmaco-
therapy on cancer risk, with some med-
ications showing an increased risk of
cancer (20). Further to the aforemen-
tioned mechanisms linking T2D to can-
cer incidence, other factors should be
considered in the relationship between
T2D and cancer mortality. Cancer treat-
ments, for example, should be based on
the presence of cardiovascular and re-
nal complications (46), which are more
frequent in individuals with T2D. More-
over, the comparative contribution of
the biological mechanisms linking T2D
to cancer incidence and mortality is
likely different: while a prolonged sta-
tus of insulin resistance contributes
mainly to an increased risk of cancer
incidence, this pathophysiological abnor-
mality may be less relevant, compared with
hyperglycemia, in the relationship between
T2D and cancer mortality (47). These path-
ophysiological factors may also act differ-
ently for each cancer. Therefore, future
individual-level studies with detailed in-
formation on diabetes duration, therapy,
and dynamic glycemic control are war-
ranted toinvestigate their respective roles
in cancer development and mortality.

To our knowledge, this is the first study
investigating the robustness of the as-
sociation between T2D and cancer using a
bias analysis for unmeasured confounding.
Another major strength is the extensive
search in multiple electronic databases,
the inclusion of only longitudinal studies,
and the exclusions of overlapping cohorts
result in less biased estimates.

This study has also some limitations.
We only included articles published in
English, and most were from high-income
countries; however, no clear evidence of
publication bias was observed.

Second, for most outcomes, we ob-
served significant statistical heterogeneity
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across studies, which could be related
to methodological and clinical diversity
(48), such as variability in study design,
outcome assessment, or definition and
ascertainment of diabetes (i.e., discharge
codes, laboratory tests, self-reported,
prescriptions of glucose-lowering drugs).
We used a random-effects meta-analysis
with the Knapp-Hartung method to bet-
ter account for such heterogeneity and to
give a more robust inference about the
strength of causal evidence in potentially
heterogeneous studies (9,49). Nonethe-
less, our results should be interpreted
alongside other potential study-level
sources of bias, such as indication bias,
selection bias, and measurement er-
rors. Furthermore, it has been argued
that the reported associations between
T2D and cancer may be exaggerated due
to potential reverse causality, particu-
larly pancreatic cancer, with hypergly-
cemia often being the initial clinical sign
of this cancer (26). Detection bias may
also occur, especially during the period
shortly after the onset of diabetes, as
individuals with T2D may have more
frequent disease surveillance (50). To
rule out reverse causality and detection
bias, some studies excluded outcomes
which occurred during the first few
years of follow-up. In addition, we have
conducted analyses restricted to studies
with adequate outcome assessment and
follow-up, to minimize the potential im-
pact of reverse causality and detection
bias, showing consistent results.

Third, though we excluded studies com-
prising only individuals with type 1 di-
abetes, some cohorts did not distinguish
between type 1 and type 2 diabetes in the
inclusion criteria; however, the proportion
of people with type 1 diabetes in the
cohorts was likely very small.

Lastly, although the risk factors and the
biology of cancer of the same anatomical
location may differ (e.g., squamous cell
versus esophageal adenocarcinoma), de-
tailed histopathological characteristics
were not available in most of the in-
cluded studies.

In summary, the results of this quanti-
tative synthesis of cohort-level data
suggest a very likely causal relationship
between T2D and liver, pancreatic, and
endometrial cancer incidence, and pan-
creatic cancer mortality, and a likely causal
association with gallbladder cancer inci-
dence. While the associations with kidney,
thyroid, and colorectal cancer incidence

were less robust to unmeasured con-
founding, we did not find evidence of
causal relationships for other cancers.
The stage at which cancer is diagnosed
is a strong determinant of its outcome,
with treatment options and long-term
survival being much greater for early
stage localized disease (8). There is
certainly scope for improving outcomes
by detecting cancer earlier in individuals
with T2D. In the U.K. general population,
for example, over half of colorectal and
80% of pancreatic cancers are diagnosed
atalate stage (51). Furthermore, a better
understanding of T2D-related causal fac-
tors for specific cancers, such as glucose-
lowering treatments, glucose control,
and diabetes durations, should lead to
a more cohesive public health message
around T2D-related complications that
include cancer alongside cardiovascular
disease, of which there is far greater
awareness.
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