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Abstract

Aims/hypothesis Diabetes has been shown to be a risk factor for some cancers. Whether diabetes confers the same excess risk of
cancer, overall and by site, in women and men is unknown.

Methods A systematic search was performed in PubMed for cohort studies published up to December 2016. Selected studies
reported sex-specific relative risk (RR) estimates for the association between diabetes and cancer adjusted at least for age in both
sexes. Random-effects meta-analyses with inverse-variance weighting were used to obtain pooled sex-specific RRs and women-
to-men ratios of RRs (RRRs) for all-site and site-specific cancers.

Results Data on all-site cancer events (incident or fatal only) were available from 121 cohorts (19,239,302 individuals; 1,082,592
events). The pooled adjusted RR for all-site cancer associated with diabetes was 1.27 (95% CI 1.21, 1.32) in women and 1.19
(1.13, 1.25) in men. Women with diabetes had ~6% greater risk compared with men with diabetes (the pooled RRR was 1.06,
95% CI 1.03, 1.09). Corresponding pooled RRRs were 1.10 (1.07, 1.13) for all-site cancer incidence and 1.03 (0.99, 1.06) for all-
site cancer mortality. Diabetes also conferred a significantly greater RR in women than men for oral, stomach and kidney cancer,
and for leukaemia, but a lower RR for liver cancer.

Conclusions/interpretation Diabetes is a risk factor for all-site cancer for both women and men, but the excess risk of cancer
associated with diabetes is slightly greater for women than men. The direction and magnitude of sex differences varies by location
of the cancer.
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What is already known about this subject?

e Diabetes has been associated with the risk of all-site, and some site-specific, cancers in several systematic reviews and

meta-analyses

e There has been no systematic overview of the evidence available on sex differences in the association between

diabetes and cancer

What is the key question?

e Does diabetes confer the same excess risk of cancer, overall and by site, in women and men?

What are the new findings?

e In this systematic review, with meta-analysis, of 121 cohorts, including more than 19 million individuals and over one
million all-site cancer events, diabetes was associated with all-site cancer in both sexes, but with a 6% higher excess

risk in women compared with men

e Diabetes was also associated with several site-specific cancers and conferred a significantly greater excess risk in
women than men for oral, stomach and kidney cancer, and for leukaemia, but a lower excess risk for liver cancer

e The findings were broadly consistent for incident and fatal cancer

How might this impact on clinical practice in the foreseeable future?

e This study indicates the importance of a sex-specific approach to quantification of the role of diabetes in cancer

prevention and treatment

complications [3]. Diabetes has been associated with the risk of
all-site and some site-specific cancers in several systematic
reviews and meta-analyses [4—13]. However, only a minority
of these associations are based on robust supporting evidence
without question of significant bias [14]. To date, there has
been no systematic overview of the evidence available on sex
differences in the association between diabetes and cancer. We
have previously published compelling evidence that women
with diabetes are at an increased risk of stroke [15], coronary
heart disease [16] and dementia [17] compared with their male
peers. We now question whether this is also true for cancer. In
this study, we conducted the most comprehensive systematic
review and meta-analysis, to date, to estimate the relative effect
of diabetes on the risk of cancer in women compared with men.

Methods

Search strategy and selection criteria A systematic search was
performed in PubMed (https://www.ncbi.nlm.nih.gov/
pubmed/) on 23 December 2016 using a combined text
word and medical subject heading search strategy (electronic
supplementary material [ESM] Table 1). The reference lists of
identified reports were also checked for other potentially
relevant studies.

Observational cohort studies in general populations were
included if they had provided relative risks (RRs), or equiva-
lents, for the association between diabetes and cancer in both
women and men. Studies were excluded if they had not

adjusted at least for age or did not provide information about
the variability around the point estimate, or if they only had
data for one sex. In case of duplicate reports from the same
study, the study providing the longest follow-up or the highest
number of cases was included. We also used individual par-
ticipant data from the Asia Pacific Cohort Studies
Collaboration (APCSC) [18], treated as two separate combi-
nations of data from cohorts in Asia and cohorts from
Australia or New Zealand, as in our previous work [15, 16].
One author (TO) did the search and extracted the data.
Uncertainties regarding the inclusion or exclusion of articles
and data extraction were discussed by all authors and resolved
by mutual consent. The meta-analysis was done in accordance
with the PRISMA criteria [19].

Data extraction and statistical analysis The primary endpoint
was all-site cancer events (incident or, if this was all that was
presented, mortal only). The secondary endpoints were all-site
cancer incidence (i.e. omitting studies that only reported mor-
tality), all-site cancer mortality and, for those cancers that
could present in both sexes, site-specific cancer events, site-
specific incidence and site-specific mortality. In sensitivity
analysis we also compared all-site cancer incidence and mor-
tality when restricting to the studies that reported both.

The primary metrics were the pooled adjusted RRs and the
women-to-men ratios of RRs (RRRs) for individuals with dia-
betes vs those without diabetes. For each study, we extracted the
sex-specific RRs and 95% Cls for individuals with diabetes vs
those without diabetes, from which we estimated the RRRs and
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95% Cls. To include the largest set of individuals and cancer
endpoints, studies that reported either age-adjusted or multiple-
adjusted (maximum-available-adjusted, i.e. the maximum set of
adjustments available for each study) results were included in
our primary analyses. In pooling multiple-adjusted results, the
set of adjustments made were allowed to vary by study, but had
to include at least one other risk factor for cancer, in addition to
age [15, 16]. We obtained pooled estimates of sex-specific RRs
across studies using random-effects meta-analyses applied on
the log, scale. Individual studies were weighted according to
the inverse variance of log, RRs. The same method was used
to pool the RRRs.

The F* statistic was used to estimate the percentage of var-
iability across studies due to between-study heterogeneity and
the Q test was used to assess whether there was a significant
lack of homogeneity. The possibility of publication bias was
explored using funnel plots and Egger’s and Begg’s tests.
Random-effects meta-regression analyses were used to test for
differences between pre-assigned subgroups: study region
(Asia or Non-Asia), year of baseline study (pre-1985 or 1986
onwards, and also examined as a continuous variable), ascer-
tainment of diabetes (self-reported only or others), type of dia-
betes (type 1 or type 2, where studies which did not differentiate
type were classified as type 2), level of adjustment (age-adjust-
ed or multiple-adjusted), and study quality (the Newcastle—
Ottawa Scale [20] [ESM Table 2], >7 or <7 points, and also
examined as a continuous variable). Post hoc, we also consid-
ered absolute risk difference, examined as a categorical and
continuous variable) (ESM Table 3). A p value of below 0.05
was considered to be statistically significant in analyses for the
primary analyses, i.e. all-site cancer. As many statistical tests

Fig. 1 Flow chart of study
selection

Identified through
hand-searching (n = 16)

were envisaged, a p value of below 0.01 was taken to denote
significance for site-specific cancers. All analyses were per-
formed using Stata software (release 13; StataCorp, College
Station, TX, USA).

Results

Of the 6371 articles identified through the systematic search,
371 articles qualified for full-text evaluation, and 107 articles
provided summary data on the association between diabetes
and the risk of cancer for both sexes [21—127]. In addition, 36
cohorts with individual participant data from the APCSC were
included (Fig. 1).

Characteristics of the studies that reported the association
between diabetes and all-site cancer incidence or mortality are
shown in Table 1 and ESM Table 4. Data on all-site cancer
were available from 47 studies, involving 121 cohorts,
19,239,302 individuals (not counting one study [25] that did
not state the total number of participants), and 1,082,592
events (not counting one study [65] that did not state the total
number of cancer events).

The maximum-available-adjusted pooled sex-specific RR
estimates for combined fatal and non-fatal cancer associated
with diabetes were 1.27 (95% CI 1.21, 1.32, p<0.001) for
women and 1.19 (1.13, 1.25, p<0.001) for men (Fig. 2).
The pooled women-to-men RRR was 1.06 (1.03, 1.09, p<
0.001, Fig. 3). The I statistic for heterogeneity between stud-
ies was 66.7%, with no evidence of publication bias (Egger’s
test p=0.13, Begg’s test p=0.16, ESM Fig. 1). The corre-
sponding RRR was 1.06 (1.02, 1.11, p=0.005) for type 1
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Fig. 2 Maximum-available-
adjusted RR for all-site cancer,
comparing individuals with
diabetes with those without
diabetes by sex: (a) women; and
(b) men. ANZ, Australia and New
Zealand; ARIC, Atherosclerosis
Risk in Communities; BRFSS,
Behavioral Risk Factor
Surveillance System; CLUE I,
Give Us a Clue to Cancer and
Heart Disease; CPS II, Cancer
Prevention Study II; DECODE,
Diabetes Epidemiology:
Collaborative analysis of
Diagnostic criteria in Europe;
DERI, Diabetes Epidemiology
Research International; DRT,
Diabetes Registry Tyrol; 2001
ENTRED study, 2001-2006
National representative sample of
people with diabetes study; HSE,
Health Survey for England; MHS,
Maccabi Healthcare Services;
NDSS, National Diabetes
Services Scheme; NIH-AARP,
National Institutes of Health-
American Association of Retired
Persons; NHIS-NSC, Korean
National Health Insurance
Service-National Sample Cohort;
SHeS, Scottish Health Survey;
VHM&PP, The Vorarlberg Health
Monitoring and Promotion
Programme
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Study RR (95% CI)  Weight
Typel 1
DERI Mortality Study [46] 0.40 (0.00, 2.10) 0.07
Diabetes UK cohort study [47] — 1.00 (0.70, 1.40) 1.09
Carstensen et al [25] e ! 1.07 (1.04,1.10) 3.37
Allegheny County Type 1 Diabetes Registry [64] 1.40(0.20, 2.50) 0.12
Subtotal (7 = 0.0%, p = 0.643) o ! 1.07 (1.04,1.10) 4.65
Type 2 1
Diabetes UK cohort study [47] —_— 1 0.70 (0.54, 0.90) 1.59
Wong et al [66] —_— 1 0.82 (0.64, 1.05) 1.64
APCSC (Asia) [18] T 0.97 (0.56, 1.69) 0.53
Sievers et al [62] T 1.00 (0.40, 2.60) 0.21
DRT [35] —_—— 1.05(0.92, 1.20) 2.60
Berger et al [24] L 1.07 (1.04,1.10) 3.37
NIH-AARP Diet and Health Study [33] - 1.07 (1.02,1.12) 329
Ragozzino et al [21] —_— T 1.10 (0.80, 1.40) 1.43
Moss et al [69] —_— 1.10 (0.80, 1.50) 1.24
CPS II [60] - 1.11(1.06, 1.15) 3.32
Shen et al [58] — 112(1.02,1.24) 293
Verona Diabetes Study [61] — 1.16 (1.02, 1.30) 2.71
Singapore Chinese Health Study [44] T 1.17 (0.62, 2.19) 0.42
Diabetes Il-to-Cancer [26] — 1.18(1.09, 1.27) 3.09
Sasazuki et al [22] — 1.19(1.07,1.31) 2.89
APCSC (ANZ) [18] —_—T 1.22(0.89, 1.68) 1.21
NDSS [36] | 1.22(1.20,1.23) 3.41
MHS registry [38] T 1.23(1.13,1.34) 3.03
Wang et al [29] 1.25(1.21,1.30) 3.34
HSE, SHeS [57] — 1.27 (1.05, 1.54) 2.07
Bruno et al [67) 1.27 (0.96, 1.66) 1.47
VHM&PP Study Cohort [27] p— 1.28 (1.08, 1.53) 2.22
Gini eta I[23] —— 1.30 (1.21, 1.40) 3.13
ARIC [42] —_—— 1.30 (1.06, 1.60) 1.95
Tseng [52] - 1.31(1.26,1.35) 3.35
Fedeli et al [56] e 1.33(1.27,1.39) 3.30
CLUE I [39] 1.33(1.00, 1.75) 1.43
Piemonte Diabetes Register, Turin Longitudinal Study [53] e 1.33(1.23, 1.44) 3.08
Jee et al [28] — 1.33(1.25, 1.41) 3.21
DECODE study [51] —_— 1.35(1.08, 1.68) 1.83
Dankner et al [32] , * 1.41(1.38,1.45) 3.38
2001 ENTRED study [63] —_— 1.41(1.19,1.65) 2.32
Xu et al [34] | —— 144 (1.32,1.55) 3.07
Forssas et al [55] , 1.47 (1.42,1.53) 3.34
Shaw et al [68] N 1.50 (0.70, 3.40) 0.28
Weiderpass et al. [59] f hd 1.54 (1.49, 1.58) 3.37
Fresco study [49] f 1.68 (1.29,2.20) 1.51
NHIS-NSC [50] 1 —— 1.70 (1.57,1.85) 3.06
Zhang et al. [40] ) —_— 1.74 (1.48,2.00) 2.44
BRFSS [65] . —_— 1.80 (1.50, 2.10) 2.28
Chicago Heart Association Detection Project in Industry [71] ) 1.85(0.98,3.51) 0.42
Hisayama study [54] ) 2.04 (1.00,4.16) 0.34
Poole Diabetes Study [45] 214 (0.87,5.26) 0.22
Subtotal (=94.3%, p < 0.001) §> 1.28(1.22,1.34) 95.35
Overall (’=94.7%, p < 0.001) ? 1.27 (1.21,1.32) 100.00
1
T T T
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2.0 3.0

Lower RR in diabetes
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Study

Higher RR in diabetes

RR (95% Cl) Weight

Type 1

DERI Mortality Study [46] .30) 0.08
Diabetes UK cohort study [47] —_— 10) 1.43
Carstensen et al [25] .04) 3.03
Allegheny County Type 1 Diabetes Registry [64] .20) 0.10
Subtotal (/= 0.0%, p = 0.448) -04) 4.65

Type 2
Wong et al [66] —_— X .82) 1.80
Moss et al [69] —_— ] . .10) 1.05
ARIC [42] . .05) 1.98
Sievers et al [62] . .20) 0.31

. .04) 2.61
NIH-AARP Diet and Health Study [33] X .98) 3.04
Diabetes UK cohort study [47] . .20) 2.03
Bruno et al [67] . 29) 1.53
MHS registry [38] X 07) 2.86
Berger et al [24] . .05) 3.03
CLUE 11 [39] .04 52) 1.12
CPS 11 [60] 07 11) 3.03
Verona Diabetes Study [61] .07 19) 2.72
NDSS [36] .08 .09) 3.06
Shen et al [58] 10 22) 267
Shaw et al [68] 10 .60) 0.19
Diabetes II-to-Cancer [26] 11 .19) 2.90
Wang et al [29] 15 .19) 3.03
Sasazuki et al [22] .19 27) 2.92
Ragozzino et al [21] .20 .50) 1.70
VHM&PP Study Cohort [27] .20 .39) 2.40
APCSC (ANZ) [18] 21 51) 1.92
Jee et al [28] 24 .28) 3.03
HSE, SHeS [57) 25 A7) 243
2001 ENTRED study [63] .26 41) 2.61
Gini et al [23] 27 .34) 2.96
Dankner et al [32] .28 .31) 3.05
Xu et al [34] .28 .38) 2.83
Chicago Heart Association Detection Project in Industry [71] .28 .03) 0.83
Fedeli et al [56] 31 .35) 3.02
Zhang et al [40] 33 52) 245
Tseng [52] 36 40) 3.03
Fresco study [49] .37 .67) 2.08
Piemonte Diabetes Register, Turin Longitudinal Study [53] .38 .46) 2.93
DECODE study [51] 44 .70) 2.26
Forssas et al [55] .46 .51) 3.02
BRFSS [65] h .50 .90) 1.85
Weiderpass et al [59] | .51 .565) 3.03
Singapore Chinese Health Study [44] | .78 .82) 0.84
NHIS-NSC [50] | .83 .94) 2.95
APCSC (Asia) [18] \ .06 91) 1.25
Hisayama study [54] \ .07 .35) 0.79
Poole Diabetes Study [45] .25 .97) 0.19
Subtotal (=97.5%, p < 0.001) < 20 27) 95.35
Overall (’=97.3%, p <0.001) ? 119 (1.13, 1.25) 100.00
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No. of No. of o .
Study individuals events RRR (95% Cl) Weight
Type1 1
DERI Mortality Study [46] 1385 2 * 0.67 (0.06, 7.19)  0.01
Carstensen et al [25] 9,149 -+ 1.06 (1.02,1.10) 5.35
Allegheny County Type 1 Diabetes Registry [64] 1075 10 1.17 (0.16, 8.58)  0.02
Diabetes UK cohort study [47] 23,326 89 B 5 c— 1.25(0.79,1.98)  0.30
Subtotal (/2= 0.0%, p = 0.886) ? 1.06 (1.02, 1.11)  5.68
Type2 1
APCSC (Asia) [18] 89,468 1800 + — 1 0.47 (0.24,0.90)  0.16
Singapore Chinese Health Study [44] 7388 388 * T 0.66 (0.30, 1.44) 0.11
Poole Diabetes Study [45] 736 45 * T 0.66 (0.16,2.77)  0.03
Diabetes UK cohort study [47] 5040 185 — 0.71(0.52,0.99) 0.58
Ragozzino et al [21] 1135 120 T 0.92 (0.63, 1.34) 0.44
NHIS-NSC [50] 29,807 1759 - 0.93 (0.84, 1.03) 3.23
DECODE study [51] 44,655 3235 —_— T 0.94 (0.71,1.24) 0.77
Tseng [52] 256,036 8098 | 0.96 (0.92,1.01) 5.19
Piemonte Diabetes Register, Turin Longitudinal Study [53] 906,065 26,251 —on 0.96 (0.87,1.07) 3.22
Hisayama study [54] 438 9 T 0.99 (0.42,2.33)  0.09
Sasazuki et al [22] 339,459 33,022 —T 1.00(0.89, 1.13)  2.69
APCSC (ANZ) [18] 82,913 2563 — 1.00(0.68, 1.48) 0.42
Forssas et al [55] 5,300,484 54,461 hd 1.01(0.96, 1.06) 5.00
Fedeli et al [56] 167,621 5110 ad 1.02(0.96,1.07) 4.76
HSE, SHeS [57] 204,533 5571 r— 1.02 (0.80, 1.29)  0.99
Shen et al [58] 66,813 6336 —r 1.02(0.88, 1.18)  2.09
Weiderpass et al [59] 144,427 9661 " 1.02(0.98, 1.06)  5.31
Gini et al [23] 32,247 2069 —Tr 1.02(0.93,1.12) 3.50
CPS 11 [60] 1,053,831 120,221 e 1.04 (0.98,1.09) 4.94
Berger et al [24] 4,826,142 423,942 e 1.05(1.01,1.09) 5.36
Diabetes II-to-Cancer [26] 26,742 1364 ™ 1.06 (0.96, 1.18)  3.13
VHM&PP Study Cohort [27] 140,813 5212 1.07 (0.85,1.34) 1.06
Jee et al [28] 1,298,385 53,833 - 1.07 (1.00, 1.15)  4.33
Verona Diabetes Study [61] 7148 641 1.08(0.93,1.27) 1.88
Wang et al [29] 327,268 7435 »> 1.09 (1.04,1.14) 513
Dankner et al [32] 2,186,196 128,720 i* 1.10 (1.06, 1.14) 557
Sievers et al [62] 5131 40 T 1.11(0.31,3.94) 0.04
NIH-AARP Diet and Health Study [33] 494,867 82,251 bhe 1.11(1.06, 1.18) 4.89
2001 ENTRED study [63] 9101 380 - 1.12(0.91,1.37) 1.30
Xu et al [34] 36,379 1205 e 1.13(1.00, 1.26) 2.80
DRT [35] 5709 525 EDas 1.13(0.94,1.35) 1.59
NDSS [36] 872,706 70,406 ¢ 1.13(1.11,1.15)  6.03
BRFSS® [65] 9074 - T 1.20 (0.90, 1.60) 0.74
Fresco study [49] 55,283 850 —_1T 1.23(0.88,1.71) 0.56
MHS registry [38] 100,595 8977 | —— 124 (1.11,1.39) 283
Wong et al [66] 4186 131 T 1.26 (0.90, 1.78)  0.53
CLUE 11 [39] 18,280 2481 I_‘_ 1.28 (0.80,2.04) 0.30
Bruno et al [67] 1967 107 —_1T—— 1.30(0.87,1.92) 0.41
Zhang et al [40] 7950 366 — 1.31(1.06, 1.60) 1.26
Shaw et al [68] 9179 92 1.36 (0.35,5.28) 0.04
Moss et al [69] 1772 95 —J,—O— 1.38(0.83,2.28) 0.26
Chicago Heart Association Detection Project in Industry [71] 20,755 513 | * 1.45(0.66,3.18) 0.1
ARIC [42] 12,792 2657 —_— 1.53(1.14,2.05) 0.70
Subtotal (/=69.3%, p <0.001) ? 1.06 (1.03,1.09) 94.32
Overall (/?=66.7%, p <0.001) ? 1.06 (1.03,1.09)  100.00
1
I I I I

4—
Higher RR in men

0.5 1.0 2.0 4.0

_—
Higher RR in women

Fig. 3 Maximum-available-adjusted women-to-men RRR for all-site cancer, comparing individuals with diabetes with those without diabetes. For
definition of study acronyms, please refer to Fig. 2 legend. “The BRFSS did not report the total number of cancer events

diabetes and 1.06 (1.03, 1.09, p <0.001) for type 2 diabetes,
without evidence of significant heterogeneity by type of dia-
betes (p for interaction = 0.88, Fig. 4). Exclusion of 22 studies
that provided only age-adjusted results had no appreciable
effect on the pooled RR estimates (multiple-adjusted pooled
RR in women 1.25 [1.17, 1.34], p<0.001, RR in men 1.20
[1.11,1.29], p<0.001, RRR 1.06 [1.03, 1.10], p < 0.001, /* =
48.9%) (ESM Figs 2 and 3).

The pooled RRR did not vary substantially by study region
(p =0.45), year of baseline study (p=0.54 for categorical
analysis, p =0.18 for continuous analysis), ascertainment of
diabetes (p =0.72), level of adjustment (p =0.70), quality of
study (p=0.09 for categorical analysis) or absolute risk dif-
ference between men and women (p =0.82 for categorical
analysis, p = 0.99 for continuous analysis), with the exception
of continuous analysis for quality of study, p=0.01) (Fig. 4
and ESM Fig. 4).

Secondary analyses of incidence (fatal or not) and mortality
alone for all-site cancer are described in the ESM. The pooled
women-to-men RRR for incidence was 1.10 (1.07, 1.13, p<

0.001) (ESM Fig. 5) and for mortality was 1.03 (0.99, 1.06,
p=0.16) (ESM Fig. 6).

In sensitivity analysis using only those studies which pro-
vided the RRs for both incidence and mortality, the pooled
maximum-available-adjusted RRR was 1.12 (1.06, 1.17, p<
0.001) for all-site cancer incidence, and 1.10 (1.00, 1.21, p=
0.04) for all-site cancer mortality (ESM Fig. 7).

Data on site-specific cancer were available for 50 sites (50
sites for incidence and 29 sites for mortality) (https://www.
georgeinstitute.org/sites/default/files/esm-table.pdf). Diabetes
was associated with an increased risk of cancer in 43 sites in
women and 42 sites in men, with a statistically significant
increase (p <0.01) in risk for those with diabetes in 20 sites
in women and 18 sites in men (ESM Fig. 8). The pooled
maximum-available-adjusted RRR was statistically signifi-
cantly higher in women than men for kidney (1.11 [99% CI
1.04, 1.18], p<0.001), oral (1.13 [1.00, 1.28], p =0.009),
stomach cancer (1.14 [1.07, 1.22], p <0.001) and leukaemia
(1.15[1.02, 1.28], p =0.002), whereas it was statistically sig-
nificantly lower for liver cancer (0.88 [0.79, 0.99], p =0.005)

@ Springer
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f
Category RRR (95% Cl) intelzazc:)trion

Study region

Non-Asia —— 1.07(1.03,1.10) 445

Asia = 1.04 (0.99, 1.10) !
Year of baseline study®

Pre-1985 o 1.03 (1.00, 1.06) 0.54

1986 onwards —— 1.07 (1.04, 1.10) :
Ascertainment of diabetes

Self-reported only —— 1.07 (1.03, 1.11) 0.72

Others — 1.06 (1.03, 1.09) !
Type of diabetes

Type 1 —— 1.06 (1.02,1.11) (4 gg

Type 2 —— 1.06 (1.03,
Level of adjustmentb

Age-adjusted —— 1.06 (1.02, 1.10) 070

Multiple-adjusted —— 1.06 (1.03, 1.10) .
Quality score of study

Lower score (<7 points) —— 1.02 (0.97, 1.07) 0.09

Higher score (27points) —_ 1.07 (1.04, 1.10) .
Absolute risk®

Risk greater in women —— 1.05 (1.02, 1.09) 0.82

Risk greater in men —— 1.07 (1.03, 1.10) .

T T T
0.75 1.0 1.25 1.5

Higher RR in men Higher RR in women

Fig. 4 Subgroup analyses of women-to-men RRR for all-site cancer,
comparing individuals with diabetes with those without diabetes. *Six
studies were excluded because the baseline year bridged over 1985 (i.e.
included both pre-1985 and 1986 onwards). "Results using multiple ad-
justment were used when available and age-adjusted otherwise, as in Fig.
3. “Ten studies were excluded because absolute risks for men and women
were unavailable

(Fig. 5). Separate results for incidence and mortality by site of
cancer are described in the ESM (ESM Figs 5, 6, 9-24).

Discussion

This systematic review, with meta-analysis, of 121 cohorts
including more than 19 million individuals and over one mil-
lion all-site cancer events, demonstrated that diabetes was as-
sociated with a 6% higher excess risk of all-site cancer in
women than men. Diabetes was associated with several site-
specific cancers and conferred a significantly greater excess
risk in women than men for oral, stomach and kidney cancer
and for leukaemia, but a lower excess risk for liver cancer. The
findings were broadly consistent for incident and fatal cancers
and across a wide range of prespecified subgroups.

Our findings are in agreement with a previous meta-analy-
sis, which found that the risk of all-site cancer incidence and
mortality was significantly increased in both sexes [4].
However, this previous meta-analysis was about a tenth of
the size of the current study, and included single-sex studies,
and therefore was not able to reliably quantify sex differences
as they could have been explained by differences in methods,

@ Springer

confounders adjusted for, and the background risks between
studies of women and men alone.

As we found some evidence to suggest that the women-to-
men RRRs tended to be smaller in studies of lower quality
(Fig. 4 and ESM Fig. 4), our results may underestimate any
true sex difference. A significant degree of heterogeneity was
also observed between studies conducted in and outside Asia
with regards to all-site cancer mortality (ESM Fig. 19).
However, we did not find heterogeneity between regions for
our primary outcome, nor for the other secondary outcomes
(all-site cancer incidence), and thus we speculate that this may
be a chance finding consequent to the high number of statis-
tical tests conducted.

Although we found a slightly higher women-to-men RRR
for cancer incidence than cancer mortality, the finding may be
explained by chance differences between the included studies,
as almost identical pooled RRR estimates were obtained in the
sensitivity analysis restricted to five studies which provided
the sex-specific RRs for both incidence and mortality from the
same study.

With regard to cancer at specific sites, previous meta-
analyses have yielded inconsistent results of increased (stom-
ach [5], lung [6], kidney [7]), similar (oesophagus [8],
colorectum [9], pancreas [10], bladder [11], thyroid [12]) or
decreased (liver [13]) excess risk of cancer associated with
diabetes in women compared with men. However, unlike
our methods, these analyses included single-sex studies as
well as studies among both women and men.

There are several possible explanations for the excess risk of
cancer conferred by diabetes in women than men. One possible
mechanism is poor glycaemic control in women with diabetes
compared with men with diabetes [128, 129]. Hyperglycaemia
may have carcinogenic effects by causing DNA damage [130],
which could result from increased oxidative stress due to
hyperglycaemia [130] or from hyperglycaemia itself [131].
Historically, women were likely to be undertreated or receive
less intensive care compared with men [128, 132]. Further, a
recent study showed that adherence to glucose-lowering medi-
cation was lower in women than men [133]. As such, the carci-
nogenic effects of hyperglycaemia may be enhanced in women
and subsequently lead to an increased cancer risk compared with
men. Alternatively, cumulative exposure to insulin resistance
and subsequent hyperinsulinaemia may be longer in women
compared with men. The average duration of impaired glucose
tolerance or impaired fasting glucose has been found to be more
than 2 years longer in women than men [134], suggesting that
women may have more exposure to, often untreated,
hyperinsulinaemia in the prediabetic state. Hyperinsulinaemia
promotes cancer cell proliferation by stimulating the insulin re-
ceptor directly and insulin-like growth factor-1 indirectly [135].
Another factor that may, to some extent, explain the smaller RR
for incidence of all-site cancer in men compared with women is
the apparent protective effect of diabetes on prostate cancer in
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Brain, nervous system
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Endocrine gland other than thyroid 51,008 43
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Connective and other soft tissue
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. No.of  No. of No. of .

Site studies individuals  events RRR (99% Cl)
Breast 5 1,892,972 20,597 < & 0.65 (0.33, 1.28)
Myeloid leukaemia 1 494,867 696 * 0.74 (0.32, 1.72)
Extrahepatic bile ducts 1 153,852 60 > 0.75 (0.39, 1.45)
Skin 3 922,730 5677 < g 0.81(0.44, 1.49)
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Rectum 16 9,509,753 14,868 —r 0.95 (0.86, 1.04)
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Digestive organs 7 10,592,624 18,384 —— 0.97 (0.81, 1.16)
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Oral 10,379,095 40,409
Lymphoid leukaemia 518,919 863 <€
Stomach 7 22,752,434 52,443
Leukaemia 0 11,604,359 16,240

Lower urinary tract 5,011,958 918

Anus 1,548,844 344

Kaposi's sarcoma 100,595 47 €
Endocrine 494,867 655

Ampulla of Vater 153,852 19

Upper aerodigestive organs 24,052 4 €
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Higher RR in men

Higher RR in women

Fig. 5 Maximum-available-adjusted pooled women-to-men RRR for cancer at each site, comparing individuals with diabetes with those without

diabetes

men with diabetes [136]. Sex-specific cancers or site-specific
cancers in which diabetes conferred greater or lower excess risk
in women than men may also account for the association, al-
though the degree of contribution cannot be determined from our
analyses. In addition to sex difference for all-site cancer, we
found also that diabetes conferred a significantly greater RR in
women than men for oral, stomach and kidney cancer and for
leukaemia, but a lower RR for liver cancer. The underlying
mechanisms for sex differences in each specific association are
not clear. However, unmeasured confounding factors specific to
each site, such as Helicobacter pylori infection for stomach can-
cer [137] and hepatitis virus infection for liver cancer [138],
might be involved. However, the literature around mechanisms
underpinning the sex differences in site-specific cancers is scant
and further studies are required to confirm and clarify these sex
differences in site-specific associations. Finally, the studies in our
analyses were not adjusted for female-specific factors including
pregnancy, menopausal status and use of hormone replacement
therapy that have also been associated with diabetes [139] and
cancer [140].

We quantified sex differences based on RRs rather than risk
differences. This might introduce a statistical artefact, in
which the generally higher absolute risk for cancer in men,
and the same risk difference subsequent to diabetes in each
sex, would translate to a greater relative risk in women than
men. However, this would require that risks of cancers asso-
ciated with diabetes are additive rather than multiplicative,
which is not generally considered to be the case in epidemiolo-
gy. Indeed, RRs are much more commonly reported than risk
differences in both epidemiological studies and clinical trials.
Also, unlike risk differences, RRs are typically fairly stable
across populations with different background risks, which make
them suitable for summarisation of effects in meta-analyses.
Furthermore, our previous meta-analyses on risk factors for car-
diovascular diseases demonstrated that detection of a female
disadvantage in RRs is not inevitable when men have higher
absolute risk [141, 142]. We thus believe that the use of RRs in
the present analyses is both practical and justifiable.

The strengths of this meta-analysis are its size and the in-
clusion of studies on the sex-specific effects of diabetes on all-
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site cancer and 50 site-specific cancers, which enabled us to
conduct the most comprehensive analyses to date on the sex-
specific effects of diabetes on cancer risk. To limit the risk of
bias, we only included cohort studies that were conducted in
men and women and had adjusted for at least age. Limitations
of this study are inherent to the use of published data and the
heterogeneity between studies in ascertainment of diabetes,
study design and duration, endpoint definition and degree of
adjustment for confounders. Nevertheless, a range of sub-
group analysis provided broadly consistent results. However,
as we compared women and men from within the same study,
any effect of differences in methods between studies is likely
to have affected women and men similarly. We therefore as-
sume that the sex comparisons reported in this analysis are still
valid. Second, the lack of data on duration of diabetes and the
degree of glycaemic control precluded more detailed analyses
on the effect of diabetes on the risk of cancer. Third, as this
meta-analysis largely used published data, endpoint definition
varied across the studies. Fourth, in analysis of all-site cancer,
the women-to-men RRRs depend not only on the strengths of
the RRRs of site-specific cancers (as illustrated by Fig. 5), but
also on the relative incidence of site-specific cancers, which
varies considerably between populations. This is likely to be a
key factor in the high between-study heterogeneity we show
in Fig. 3. Finally, studies generally did not adjust for obstetric
and gynaecological history and unmeasured confounding is
likely in the current estimates. However, confounding is likely
to have been non-differentially distributed between women
and men from the same study and we therefore assume that
it had only a negligible effect on the reported associations.

In conclusion, diabetes is a risk factor for all-site cancer in
both sexes, with a stronger effect in women than men. Sex dif-
ferences varied across the location of the cancer, heightening the
importance of a sex-specific approach to quantification of the
role of diabetes in cancer research, prevention and treatment.
Further studies are needed to clarify the mechanisms underlying
the sex differences in the diabetes—cancer association.
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