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Abstract

Background: The influence of type 2 diabetes mellitus (T2D) duration on cancer incidence remains poorly understood.
Methods: We prospectively followed for cancer incidence 113 429 women in the Nurses’ Health Study (1978-2014) and 45 604
men in the Health Professionals Follow-up Study (1988-2014) who were free of diabetes and cancer at baseline. Cancer inci-
dences were ascertained by review of medical records. Results: In the multivariable-adjusted model incident, T2D was associ-
ated with higher risk of cancers in the colorectum, lung, pancreas, esophagus, liver, thyroid, breast, and endometrium. The
pooled hazard ratios (HRs) ranged from 1.21 (95% confidence interval [CI] = 1.06 to 1.38) for colorectal cancer to 3.39 (95% CI =
2.24 to 5.12) for liver cancer. For both composite cancer outcomes and individual cancers, the elevated risks did not further in-
crease after 8 years of T2D duration. The hazard ratio for total cancer was 1.28 (95% CI = 1.17 to 1.40) for T2D duration of 4.1-
6.0years, 1.37 (95% CI = 1.25 to 1.50) for 6.1-8.0 years, 1.21 (95% CI = 1.09 to 1.35) for 8.1-10.0 years, and 1.04 (95% CI = 0.95 to
1.14) after 15.0years. In a cross-sectional analysis, a higher level of plasma C-peptide was found among participants with
prevalent T2D of up to 8 years than those without T2D, whereas a higher level of HbA1lc was found for those with prevalent
T2D of up to 15 years. Conclusions: Incident T2D was associated with higher cancer risk, which peaked at approximately
8years after diabetes diagnosis. Similar duration-dependent pattern was observed for plasma C-peptide. Our findings support
a role of hyperinsulinemia in cancer development.

The US Center for Disease Control estimated that more than 34
million Americans had diabetes mellitus in 2020, accounting
for 10.5% of the US population (1). A growing body of evidence
indicates a close link between the presence of type 2 diabetes
mellitus (T2D) and risk of certain types of cancer (2). However,
few previous studies simultaneously addressed multiple meth-
odological challenges in the associations between T2D and can-
cer risk, including ascertainment bias because of more frequent
screening following T2D diagnosis, reverse causality (such as
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pancreatic cancer), and influence of cancer screening (3).
Moreover, the evidence regarding the associations of T2D with
other cancers such as kidney and lung cancer remains inconclu-
sive (2). In addition, the association between T2D duration and
cancer risk remains poorly understood. Specifically, little is
known about whether the increased cancer risk following T2D
diagnosis would persist in patients with longer T2D duration or
gradually diminish over time as endogenous production of insu-
lin decreases (4). Also, whether such duration-related patterns
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vary by cancer types is yet to be determined. Characterizing the
cancer risk trajectory following T2D diagnosis not only is critical
to assess the long-term influence of diabetes on cancer inci-
dence but also directly pertains to the assessment of cancer la-
tency period, an important factor to elucidate the role of T2D in
tumorigenesis.

The current study aimed to evaluate the association be-
tween incident T2D, T2D duration, and cancer incidence for
multiple composite cancer outcomes as well as individual can-
cers while addressing aforementioned methodological issues.
To gain mechanistic insights, we also assessed plasma levels of
C-peptide and HbA1lc, 2 most commonly used clinical measures
for endogenous insulin secretion and long-term blood glucose
concentration (5,6), respectively, according to diabetes duration.
We leveraged data from Nurses’ Health Study (NHS) and Health
Professionals Follow-up Study (HPFS), 2 large well-characterized
cohort studies with disease status and lifestyle factors repeat-
edly assessed over 3 decades of follow-up.

Methods

Study Population

The NHS cohort was initiated in 1976 when 121 700 female reg-
istered nurses aged 30-55 years were recruited, and the HPFS co-
hort was established in 1986 and included 51 529 male health
professionals aged 40-75 years. Participants were followed bien-
nially through mailed questionnaires inquiring medical and
lifestyle information (7,8).

We set as baseline for the current study the first follow-up
cycle for NHS (1978) and HPFS (1988) to identify patients with in-
cident T2D. Prevalent diabetes in 1976 (n=1955) and 1986
(n=1640) were excluded because their diabetes diagnosis dates
were not available. We also excluded participants with preva-
lent cancer at baseline (n=4350 in NHS; n=2652 in HPFS) and
those who answered only the baseline questionnaire (n =932 in
NHS; n =771 in HPFS). For incident T2D cases without known di-
agnosis date, we set the diagnosis date as the return date of the
follow-up questionnaire in which participants first reported
T2D diagnosis. After exclusion, we had 113429 participants
from NHS and 45 604 participants from HPFS.

This study was approved by the institutional review board at
Brigham and Women'’s Hospital and Harvard T.H. Chan School
of Public Health and those of participating registries as required.
The return of a completed questionnaire was considered in-
formed consent. We obtained written consent to acquire medi-
cal records to document cases of cancer.

Assessment of Type 2 Diabetes

Participants who reported a diagnosis of T2D were mailed a sup-
plementary questionnaire regarding symptoms, diagnostic
tests, and hypoglycemic therapy. For cases diagnosed before
1998, T2D was confirmed using the National Diabetes Data
Group criteria (9), and for cases of T2D identified after 1998, the
cutoff point for elevated fasting plasma glucose concentrations
was lowered to 7.0 mmol/L according to the American Diabetes
Association criteria. We further considered HbAlc of 6.5% and
higher in the diagnosis criteria for confirming T2D cases identi-
fied after January 2010 (10). Validation studies in the NHS and
HPFS demonstrated the validity of using our supplementary
questionnaire to adjudicate T2D diagnosis (Supplementary
Methods, available online) (11,12).

Assessment of Cancer Incidence

Total cancer involved all types of cancer with International
Classification of Diseases-9 code between 140 and 239 except
nonmelanoma skin cancers and nonfatal prostate cancer.
Nonmelanoma skin cancers were excluded from total cancer be-
cause of their high incidence and extremely low degree of malig-
nancy, which would strongly influence the results. Nonfatal
prostate cancer was not considered either, because of its consis-
tent inverse association with T2D and potential detection bias
resulting from prostate-specific antigen screening, all of which
would introduce substantial heterogeneity to the risk estimates.
Obesity-related cancer and diabetes-related cancer were defined
according to previous studies (13,14). Cancer diagnosis was con-
firmed by medical record review among participants who
reported a diagnosis of cancer on the follow-up questionnaires.
For the current analysis, we counted only the first documented
cancer for participants diagnosed with multiple cancers.

Assessment of Diet, Physical Activity, Screening, and
Medication Use

A validated semiquantitative food frequency questionnaire was
administered to collect information of diet and alcohol intake ap-
proximately every 4 years since 1980 in NHS and 1986 in HPFS.
We used the alternative health eating index score to quantify
overall diet quality (15). In both cohorts, information on demo-
graphic profiles, lifestyle characteristics, and body weight were
collected at baseline and in biennial questionnaires. Physical ac-
tivity was self-reported via a validated questionnaire (16). Starting
from 1988 and every 2 years thereafter, the follow-up question-
naires asked participants whether they had had a colonoscopy
and/or sigmoidoscopy in the previous 2 years in the 2 cohorts.
Similarly, the information regarding fasting glucose examination
was collected from 1998 in the NHS and 2000 in the HPFS. From
1988, women were asked whether they underwent a mammogra-
phy screening during the previous 2 years. The information on in-
sulin use and oral hypoglycemic drug use were collected from
1982 in NHS, but such data were not available in HPFS.

Assessment of C-Peptide and HbAlc

Blood samples were collected from subpopulations of the NHS
(n=32826) in 1989-1990 and HPFS (n =18 225) from 1993 to 1995.
Detailed information on the blood collection has been described
elsewhere (17). In these subpopulations, multiple biomarkers
including C-peptide and HbAlc were measured from several
nested case-control studies for various outcomes. Data were
pooled from 2 cohorts to increase statistical power, and a total
of 10 896 (362 prevalent diabetes patients) and 11 105 (1689 prev-
alent diabetes patients) participants were included in the analy-
sis for C-peptide and HbAlc, respectively (Supplementary
Methods, available online).

Statistical Analysis

To capture the dynamic characteristics for participants with
and without T2D during the follow-up, the demographic, life-
style, and dietary information was presented according to the
person-time of T2D status. For each participant, follow-up time
was counted from the return date of the baseline questionnaire
to the date of cancer diagnosis, death date, date of return of last
available follow-up questionnaire, or the end of follow-up (June
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Table 1. Age-standardized characteristics of study participants in Nurses’ Health Study (1978-2014) and Health Professionals Follow-up Study

(1988-2014) according to person-years by type 2 diabetes®

Diagnosis of T2D
NHS HPFS

Characteristics No Yes No Yes
Person-years 3156 447 181931 896 795 58 905
Age,y° 58.7 (11.9) 68.0 (9.6) 64.5 (11.0) 71.3 (9.4)
Body mass index, kg/m? 25.6 (4.9) 30.6 (6.5) 25.9 (3.6) 28.7 (5.0) 2
Race

White, % 96.9 94.3 95.1 91.6

African American, % 1.0 2.0 2.3 3.1

Asian, % 1.0 19 17 3.2

Others, % 1.0 1.8 0.9 2.0
Hypertension, % 322 66.0 36.5 68.2
High cholesterol, % 35.6 58.1 444 68.4
Smoking status

Never-smokers, % 45.1 44.5 45.5 37.3

Past smokers, % 37.9 40.9 48.2 54.7

Current smokers, % 17.0 14.6 6.4 8.0
Family history of diabetes, % 24.4 49.1 21.1 38.8
Family history of cancer, % 45.6 43.9 335 31.9
Multivitamin use, % 39.5 38.2 43.2 41.4
Oral contraceptive use, % 445 50.7 — —
Hormone use

Premenopausal, % 30.1 29.0 — —

Postmenopausal-never, % 22.1 244 — —

Postmenopausal-current, % 225 17.8 — —

Postmenopausal-past, % 25.3 28.7 — —
Physical activity, median (IQR), MET-h/wk 9.8 (3.2-22.7) 6.7 (2.0-16.5) 23.6 (10.0-45.0) 18.1(7.0-37.7)
Alcohol consumption, median (IQR), g/day 2.0(0.2-8.2) 0.6 (0.0-2.7) 6.5 (1.2-15.5) 4.0 (0.7-11.7)
Alternative healthy eating index 50.7 (10.3) 49.4 (9.4) 54.4 (10.6) 53.2(10.1)
Total energy intake (Kcal/d) 1691 (539) 1699 (546) 1987 (634) 1960 (662)

“Baseline characteristics based on analysis for total cancer incidence. IQR = interquartile range; MET-h/wk = Metabolic-equivalent-hours per week.

Value is not age adjusted.

2014 for NHS and January 2014 for HPFS), whichever happened
first. T2D duration was defined in years as the difference be-
tween the questionnaire return date in each follow-up cycle
and the diabetes diagnosis date. We first analyzed the 2 cohorts
separately and then combined the estimates using a fixed-
effect meta-analysis.

A multivariable Cox proportional hazards model with age
(months) as the time scale was used to calculate hazard ratios
(HRs) and 95% confidence intervals (CIs). Given the importance
of body mass index (BMI) for both T2D and cancer, we addition-
ally adjusted for the cumulative-averaged BMI in the multivari-
able model. The proportional hazards assumption was tested by
including the interaction terms between T2D duration and
follow-up time for all models, and no statistically significant
violations were detected.

We calculated the hazard ratios according to categories of T2D
duration using prespecified cutoffs: no more than 2years, 2.1-
4.0years, 4.1-6.0years, 6.1-8.0years, 8.1-10.0years, 10.1-15 years,
and more than 15years. We also employed the restricted cubic
spline analysis (18,19) to test for potential nonlinear relationships
between T2D duration and cancer risk. Three knots were speci-
fied for diabetes duration of 0, 6, and 10 years based on the results
of the categorical analysis. To assess potential effect modifica-
tion, we performed stratified analyses according to age (60years
or younger, older than 60years), cumulative-averaged BMI
(<25kg/m?, 25-30kg/m?, >30kg/m?), and smoking status (never
smoker, ever smoker). Product terms between T2D status and

dichotomized age, smoking status, and continuous BMI were ad-
ditionally included in the models, and Wald test was used to cal-
culate the P value for interaction.

In a secondary analysis, we conducted a cross-sectional
analysis by calculating the least square geometric means of C-
peptide and HbA1c by diabetes duration to further understand
the nonlinear association between T2D duration and cancer risk
in the primary analysis. The diabetes duration was calculated
as year of blood draw (1990 for NHS and 1994 for HPFS) minus
the year of T2D diagnosis. The multiple linear regression model
was adjusted for age at blood draw, aspirin and/or NSAID use,
presence of chronic diseases or conditions (hypercholesterine-
mia, hypertension, cancer, osteoporosis, rheumatoid arthritis,
stroke, and myocardial infarction), physical activity, smoking
status, case-control status, sex, and BMI (20,21).

Because participants may change their lifestyle and dietary
behaviors following a diagnosis of T2D, the results might have
been attenuated by overadjustment for these changes.
Therefore, we conducted a sensitivity analysis by using baseline
values for covariate adjustment. All statistical tests were 2-
sided with a statistical significance level of .05 and were per-
formed using SAS 9.4 (SAS Institute, Cary, NC).

Results

The age-standardized characteristics of participants are shown
according to T2D status in Table 1. In both cohorts, compared
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with participants without T2D during the follow-up, partici-
pants diagnosed with T2D had older age, higher BMI, higher
proportion of non-White race, higher prevalence of hyperten-
sion and hypercholesterinemia, less physical activity and alco-
hol intake, and higher proportion of family history of diabetes
but slightly lower proportion of family history of cancer.
Women participants diagnosed with T2D were also more likely
to use oral contraceptive but less so for postmenopausal hor-
mone. Similar diet quality and total energy intake were found
for participants with and without diabetes.

During 4 294 078 person-years of follow-up, we documented
in the 2 cohorts a total of 43 849 cancer cases of which 21 977
(50.1%) were obesity-related cancer and 26904 (61.4%) were
diabetes-related cancer. After adjusting for demographic, life-
style, dietary factors, and BMI, T2D was associated with statisti-
cally significantly increased risk of all 3 composite cancer
outcomes (Table 2). The pooled hazard ratios were 1.21 (95%
CI=1.16 to 1.26) for total cancer, 1.28 (95% CI=1.21 to 1.35) for
obesity-related cancer, and 1.25 (95% CI = 1.19 to 1.32) for
diabetes-related cancer. For individual cancers, T2D was statis-
tically significantly associated with increased risk of colorectal
cancer (HR=1.21, 95% CI=1.06 to 1.38), lung cancer (HR=1.27,
95% CI=1.12 to 1.45), pancreatic cancer (HR =2.07, 95% CI=1.70
to 2.52), esophagus cancer (HR=1.85, 95% CI=1.28 to 2.69), liver
cancer (HR=3.39, 95% CI=224 to 5.12), thyroid cancer
(HR=1.49, 95% CI=1.03 to 2.15), breast cancer (HR=1.26, 95%
Cl=1.17 to 1.37), and endometrial cancer (HR=1.26, 95%
CI=1.06 to 1.50). No statistically significant heterogeneity was
found between the 2 cohorts. The associations for postmeno-
pausal breast cancer, estrogen receptor- and progesterone re-
ceptor (ER/PR)-positive breast cancer, and ER/PR-negative breast
cancer were similar to that for total breast cancer
(Supplementary Table 1, available online).

The cancer risks were statistically significantly elevated
right after T2D diagnosis, and such risk elevation did not further
increase after 8years of diabetes duration. This risk trajectory
was observed for both composite cancer outcomes and most in-
dividual cancers that were associated with T2D listed in Table 3.
For example, the hazard ratio for developing any cancer in-
creased from 1.29 (95% CI=1.19 to 1.38) in patients with O-
2.0years of diabetes duration to 1.37 (95% CI=1.25 to 1.50) in
patients having diabetes for 6.1-8.0years. The total cancer risk
then decreased to 1.21 (95% CI=1.09 to 1.35) for 8.1-10.0 years of
diabetes duration and further down to 1.04 (95% CI=0.95 to
1.14) after 15.0years of diabetes duration. The spline analysis
revealed statistically significant (P < .05 for all included cancer
outcomes) nonlinear relation between diabetes duration and
cancer risks; cancer risk appeared to culminate around 6.5-
7.5years after T2D diagnosis and then gradually decreased af-
terward (Figure 1; Supplementary Figure 1, available online).

In the stratified analysis (Supplementary Table 2, available
online), men younger than 60years had statistically signifi-
cantly (Pinteraction = -04) higher risk (HR=1.75, 95% CI=1.11 to
2.75) of developing obesity-related cancer than their older coun-
terparts (HR=1.36, 95% CI=1.18 to 1.56). However, such effect
modification was not found for women. No other statistically
significant interactions were detected. The sensitivity analysis
that adjusted for the baseline covariates produced similar esti-
mates as in the main models (Supplementary Table 3, available
online).

In the secondary analysis (Table 4), we observed that, com-
pared with participants without T2D, participants with preva-
lent T2D of 8years or less had higher C-peptide levels, whereas
those with longer duration of T2D had lower C-peptide level.

The least square geometric mean of plasma C-peptide for par-
ticipants with T2D duration of 4.1-8.0 years was 2.85ng/mL (95%
CI=2.43 to 3.34) but 1.73ng/mL (95% CI=1.48 to 2.03) in those
with 8.1-10.0 years. On the contrary, the HbAlc level was consis-
tently higher among participants with longer diabetes duration,
although a slightly lower level was observed for participants
with a diabetes duration of more than 15.0 years compared with
those with 10-15 years.

Discussion

Leveraging data from 2 large prospective cohorts, we found
around 21% increased risk of total cancer, 28% increased risk of
obesity-related cancer, and 25% increased risk of diabetes-
related cancer comparing participants with and without diabe-
tes. For individual cancers, incident T2D was associated with in-
creased incidence of colorectal cancer, lung cancer, pancreatic
cancer, thyroid cancer, esophagus cancer, breast cancer, and
endometrial cancer. The cancer risks reached highest levels at
4-8years after T2D diagnosis after which the risk elevation was
no longer increased. Through analyzing key diabetes-related
biomarkers, we found that C-peptide level was on average lower
among participants with more than 8years of diabetes duration
than diabetes patients with shorter disease duration, whereas
HbA1lc level was generally higher for patients with longer diabe-
tes duration. With careful adjustment of important confounders
in all analyses, these 2 lines of evidence collectively favor the
insulin resistance and hyperinsulinemia hypothesis that indi-
cates T2D as a direct risk factor in the cancer etiology, rather
than a spurious association confounded by common risk factors
between T2D and cancer.

Results from the current study were largely in line with a
previous meta-analysis of 12 cohorts consisting of 257 222 par-
ticipants, which found 10% increased risk of cancer incidence
among diabetes patients compared with those without diabetes
(22). We observed a slightly stronger association for cancer inci-
dence, which could result from the exclusion of prostate cancer,
the only type of cancer inversely associated with T2D. In addi-
tion, to our knowledge, this is the first study to specifically ex-
amine the association between T2D and obesity-related cancer
as a single group. However, our data suggest that not all in-
cluded individual obesity-related cancers were positively asso-
ciated with T2D. The positive associations were primarily
driven by colorectal cancer, pancreatic cancer, thyroid cancer,
esophagus cancer, liver cancer, breast cancer, and endometrial
cancer. Additional adjustment for BMI attenuated associations
for all obesity-related cancer, suggesting that overall body fat-
ness could partially explain the increased cancer risk among
diabetics.

Through categorical modeling and spline analysis of diabe-
tes duration, our study demonstrated that the cancer risk grad-
ually reduced after 8.0 years of diabetes duration when the risks
were highest during the diabetes duration. Ascertainment bias
was unlikely to explain the positive association because similar
increased cancer risks were found between 0-2.0years and 4.1-
6.0 or 6.1-8.0years of diabetes duration. It is notable that even
though different cancers have distinct etiologic factors, the pat-
tern of relationship with T2D duration was remarkably similar
for individual cancers (colorectal, breast, endometrial, pancre-
atic), suggesting shared underlying biological mechanisms link-
ing T2D to these cancers. These findings may imply that
hyperinsulinemia in early diabetes plays a greater role than hy-
perglycemia in promoting cancer development because the
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Table 2. Association between incident type 2 diabetes and cancer incidence (NHS: 1978-2014; HPFS: 1988-2014)

Women (NHS) Men (HPFS)

Meta-analyzed

(continued)

Cancer outcomes No diabetes Diabetes No diabetes Diabetes HR (95% CI)*  Pheterogeneity
Composite cancer outcomes
Total cancer
Case/person-year 32147/3156 447 3182/181931 7755/896795  765/58 905
Age-adjusted model, HR (95% CI) (Referent) 1.24(1.19t0 1.28) (Referent) 1.17 (1.09 to 1.26) 1.22 (1.18 to 1.27) 21
Multivariable adjusted model, HR (95% CI)°  (Referent) 1.29 (1.24t0 1.35) (Referent) 1.20(1.11to 1.29) 1.27 (1.22 to 1.32) .09
Additionally adjusted for BMI, HR (95% CI)°  (Referent) = 1.22(1.17 to 1.28) (Referent) 1.16 (1.07 to 1.25) 1.21 (1.16 to 1.26) 22
Obesity-related cancer?
Case/person-year 16 956/3 168 448  1820/182 934  2888/900 763 313/59 225
Age-adjusted model, HR (95% CI) (Referent)  1.31(1.25t01.37) (Referent) 1.42(1.26to 1.60) 1.32 (1.27 to 1.39) 22
Multivariable adjusted model, HR (95% CI)®  (Referent) 1.37(1.29to 1.46) (Referent) 1.46 (1.29 to 1.65) 1.39 (1.32 to 1.47) .39
Additionally adjusted for BMI, HR (95% CI)¢ (Referent) 1.26 (1.18 to 1.34) (Referent) 1.37(1.21to 1.55) 1.28 (1.21 to 1.35) 23 g
Diabetes-related cancer® 5
Case/person-year 20807/3165042 2021/182782 3677/900 047 399/59 163 S
Age-adjusted model, HR (95% CI) (Referent) 1.28 (1.22t0 1.34) (Referent) 1.33(1.20to 1.47) 1.28 (1.23 to 1.34) .50 §
Multivariable adjusted model, HR (95% CI)®  (Referent)  1.34(1.27to 1.42) (Referent) 1.32(1.19 to 1.47) 1.34 (1.27 to 1.41) 79 =
Additionally adjusted for BMI, HR (95% CI)* (Referent) 1.25(1.18 t0 1.32) (Referent) 1.25(1.13 to 1.40) 1.25 (1.19 to 1.32) 94 %
Individual cancers =3
Colorectal cancer E-
Case/person-year 2245/3 181 603 229/184360  1030/902 189 109/59 345 ;?;
Age-adjusted model, HR (95% CI) (Referent) 1.24 (1.08 t0 1.42) (Referent) 1.44 (1.17 to 1.76) 1.30 (1.16 to 1.45) 23 8
Multivariable adjusted model, HR (95% CI)°  (Referent) ~ 1.20 (1.01to1.42) (Referent) 1.45(1.19to 1.78) 1.30 (1.14 to 1.48) .16 &
Additionally adjusted for BMI, HR (95% CI)® (Referent) 1.13(0.95to0 1.35) (Referent) 1.32(1.08 to 1.63) 1.21 (1.06 to 1.38) .25 g
Lung cancer g
Case/person-year 2679/3 181921 261/184 406  776/902 687 98/59 386 o
Age-adjusted model, HR (95% CI) (Referent)  1.03(0.91to 1.17) (Referent) 1.41(1.14to 1.75) 1.12 (1.00 to 1.25) .01 8
Multivariable adjusted model, HR (95% CI)®  (Referent) 1.12 (0.96 to 1.31) (Referent) 1.42(1.14to 1.76) 1.21 (1.07 to 1.38) .09 .g\
Additionally adjusted for BMI, HR (95% CI)°  (Referent) = 1.20(1.03 to 1.41) (Referent) 1.42(1.14to1.77) 1.27 (1.12 to 1.45) .23 Q.
Melanoma 8
Case/person-year 1019/3 182 641 66/184 515 1136/902 084 82/59 366 %
Age-adjusted model, HR (95% CI) (Referent)  0.86 (0.67 to 1.11) (Referent) 0.83 (0.66 to 1.04) 0.84 (0.71 to 1.00) .82 =
Multivariable adjusted model, HR (95% CI)®  (Referent) 1.01(0.74t0 1.39) (Referent) 0.89 (0.71to 1.12) 0.93 (0.77 to 1.12) .52 Q
Additionally adjusted for BMI, HR (95% CI)¢ (Referent)  0.95(0.69 to 1.30) (Referent) 0.89 (0.70 to 1.12) 0.91 (0.75 to 1.10) .75 S
Non-Hodgkin lymphoma
Case/person-year 1274/3 182 442 114/184 473 812/902 383 66/59 387
Age-adjusted model, HR (95% CI) (Referent) 1.01(0.83t0 1.22) (Referent) 1.02(0.79 to 1.31) 1.01 (0.87 to 1.18) .95
Multivariable adjusted model, HR (95% CI)°  (Referent)  1.00 (0.78 to 1.28) (Referent) 1.02(0.78 to 1.31) 1.01 (0.84 to 1.20) .93
Additionally adjusted for BMI, HR (95% CI)* (Referent) 1.01(0.79 to 1.30) (Referent) 0.99 (0.76 to 1.29) 1.00 (0.84 to 1.20) 91
Pancreatic cancer
Case/person-year 556/3 183 276 111/184521  318/902 980 64/59 414
Age-adjusted model, HR (95% CI) (Referent)  2.05(1.66 to 2.52) (Referent) 2.16 (1.64 to 2.84) 2.09 (1.77 to 2.46) .76
Multivariable adjusted model, HR (95% CI)°  (Referent) ~ 2.00 (1.54 t0 2.60) (Referent) 2.29 (1.73 to 3.04) 2.13 (1.76 to 2.58) 49
Additionally adjusted for BMI, HR (95% CI)°  (Referent)  1.87 (1.43t02.44) (Referent) 2.34(1.76to0 3.12) 2.07 (1.70 to 2.52) .26 >
Bladder cancer ?
Case/person-year 574/3 182 974 63/184 515 718/902 425 63/59 385 %
Age-adjusted model, HR (95% CI) (Referent)  1.18(0.91to 1.54) (Referent) 0.98 (0.76 to 1.28) 1.08 (0.89 to 1.30) .34 o
Multivariable adjusted model, HR (95% CI)®  (Referent) 1.25(0.90 to 1.73)  (Referent) 0.92 (0.71 to 1.20) 1.04 (0.85 to 1.28) .16 S
Additionally adjusted for BMI, HR (95% CI)¢ (Referent) 1.21(0.87 to 1.68) (Referent) 0.91 (0.69 to 1.18) 1.02 (0.82 to 1.25) .19 n
Kidney cancer
Case/person-year 430/3 183 183 59/184 512 292/902 867 30/59 417
Age-adjusted model, HR (95% CI) (Referent) 1.52(1.15t02.00) (Referent) 1.28(0.88to 1.88) 1.43 (1.14 to 1.79) 49
Multivariable adjusted model, HR (95% CI)®  (Referent)  1.48 (1.05t02.07) (Referent) 1.22(0.83to 1.80) 1.36 (1.05 to 1.76) 48
Additionally adjusted for BMI, HR (95% CI)* (Referent) 1.18(0.83t0 1.66) (Referent) 1.18 (0.80 to 1.75) 1.18 (0.91 to 1.53) .99
Esophagus cancer
Case/person-year 114/3 183 447 14/184 561 138/903 025 25/59 422
Age-adjusted model, HR (95% CI) (Referent) 1.21(0.69t02.12) (Referent) 2.15(1.39 to 3.33) 1.73 (1.23 to 2.45) 11
Multivariable adjusted model, HR (95% CI)°  (Referent) 1.66 (0.89t0 3.12) (Referent) 2.13(1.36 to 3.33) 1.96 (1.36 to 2.82) .53
Additionally adjusted for BMI, HR (95% CI)°  (Referent) = 1.71(0.90 to 3.26) (Referent) 1.93(1.22to 3.05) 1.85 (1.28 to 2.69) .76
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Women (NHS)

Men (HPFS)

Meta-analyzed

Cancer outcomes No diabetes Diabetes No diabetes Diabetes HR (95% CI)*  Pheterogeneity
Leukemia
Case/person-year 268/3 183 353 32/184 554 262/902 904 19/59 422
Age-adjusted model, HR (95% CI) (Referent)  1.37 (0.95t0 1.99) (Referent) 0.83(0.52to 1.33) 1.13 (0.84 to 1.51) .10
Multivariable adjusted model, HR (95% CI)®  (Referent) 1.32(0.83t02.08) (Referent) 0.86 (0.53 to 1.38) 1.07 (0.77 to 1.49) .20
Additionally adjusted for BMI, HR (95% CI)°  (Referent) = 1.18 (0.74 to 1.88) (Referent) 0.79 (0.49 to 1.28) 0.97 (0.69 to 1.36) .25
Liver cancer
Case/person-year 82/3 183 470 32/184 552 43/903 100 12/59 433
Age-adjusted model, HR (95% CI) (Referent)  3.94(2.59t05.99) (Referent) 2.82(1.47 to 5.41) 3.57 (2.51 to 5.08) 40
Multivariable adjusted model, HR (95% CI)®  (Referent) = 4.12(2.50t06.78) (Referent) 3.11(1.59 to 6.10) 3.73 (2.50 to 5.56) 51
Additionally adjusted for BMI, HR (95% CI)° (Referent)  3.80(2.27 t0 6.35) (Referent) 2.77(1.39 to 5.51) 3.39 (2.24 to 5.12) 47
Myeloma
Case/person-year 281/3 183 299 30/184 540 183/902 968 10/59 429
Age-adjusted model, HR (95% CI) (Referent) 1.25(0.85t0 1.82) (Referent) 0.61(0.32to 1.16) 1.03 (0.75 to 1.44) .06
Multivariable adjusted model, HR (95% CI)®  (Referent) ~ 1.51(0.97 to 2.34) (Referent) 0.62(0.33to 1.19) 1.14 (0.80 to 1.65) .03
Additionally adjusted for BMI, HR (95% CI)°  (Referent) = 1.44(0.92t02.26) (Referent) 0.54(0.28to 1.04) 1.06 (0.73 to 1.53) .02
Thyroid cancer
Case/person-year 354/3183171 40/184 529 70/903 047 8/59 430
Age-adjusted model, HR (95% CI) (Referent)  1.63(1.16t0 2.27) (Referent) 1.74(0.82to0 3.67) 1.64 (1.21 to 2.23) .88
Multivariable adjusted model, HR (95% CI)®  (Referent) 1.62 (1.08 t0 2.44) (Referent) 1.65(0.77 to 3.55) 1.63 (1.14 to 2.34) 97
Additionally adjusted for BMI, HR (95% CI)°  (Referent)  1.50 (0.99 to 2.27) (Referent) 1.45 (0.66 to 3.17) 1.49 (1.03 to 2.15) .94
Gallbladder cancer
Case/person-year 136/3 183 451 19/184 560 51/903 083 8/59 432
Age-adjusted model, HR (95% CI) (Referent)  1.45(0.89t02.36) (Referent) 1.79(0.84 to 3.82) 1.54 (1.02 to 2.32) .65
Multivariable adjusted model, HR (95% CI)°  (Referent)  1.22 (0.66 t0 2.24) (Referent) 2.01(0.92 to 4.38) 1.47 (0.91 to 2.39) 32
Additionally adjusted for BMI, HR (95% CI)* (Referent) 1.05(0.56 to 1.96) (Referent) 1.94 (0.88 to 4.29) 1.33 (0.81 to 2.17) .23
Sex-specific cancers
Breast cancer
Case/person-year 12 064/3172217 1013/183 570 — — — —
Age-adjusted model, HR (95% CI) (Referent)  1.16 (1.09 to 1.24) — — — —
Multivariable adjusted model, HR (95% CI)°  (Referent)  1.30 (1.20 to 1.41) — — — —
Additionally adjusted for BMI, HR (95% CI)* (Referent) 1.26 (1.17 to 1.37) — — — —
Endometrial cancer
Case/person-year 1799/3181864  241/184 344 — — — —
Age-adjusted model, HR (95% CI) (Referent) 1.88 (1.63 to 2.15) — — — —
Multivariable adjusted model, HR (95% CI)®  (Referent) 1.79 (1.51 to 2.13) — — — —
Additionally adjusted for BMI, HR (95% CI)°  (Referent)  1.26 (1.06 to 1.50) — — — —
Ovarian cancer — — — —
Case/person-year 1090/3 182 610 70/184 504
Age-adjusted model, HR (95% CI) (Referent)  0.85 (0.67 to 1.09) — — — —
Multivariable adjusted model, HR (95% CI)®  (Referent)  0.84 (0.61 to 1.15) — — — —
Additionally adjusted for BMI, HR (95% CI)°  (Referent)  0.81 (0.59 to 1.11) — — — —
Fatal prostate cancer
Case/person-year — — 721/902 446 45/59 397 — —
Age-adjusted model, HR (95% CI) — — (Referent) 0.94 (0.69 to 1.28) — —
Multivariable adjusted model, HR (95% CI)° — — (Referent) 1.02 (0.75 to 1.39) — —
Additionally adjusted for BMI, HR (95% CI)* — — (Referent) 0.98 (0.72 to 1.33) — —

“Estimates were meta-analyzed using random effect model. BMI = body mass index; CI = confidence interval; HPFS = Health Professionals Follow-up Study; HR = haz-

ard ratio; NHS = Nurses’ Health Study.

bAdjusting for age (month), ethnicity (White, African American, Asian, others), smoking status (never smoked, past smoker, currently smoke 1-14 cigarettes per day,
15-24 cigarettes per day, or >25 cigarettes per day), alcohol intake (0, 0.1-4.9, 5.0-9.9, 10.0-14.9, 15.0-29.9, and >30.0 g/d), multivitamin use (yes, no), physical activity
(quintiles), total energy (quintiles), alternative healthy eating index (quintiles), family history of diabetes (yes, no), family history of cancer (yes, no), endoscopy screen-
ing (yes, no), and fasting glucose screening (yes, no). For women, insulin use (yes, no), oral hypoglycemic drug use (yes, no), mammography screening, postmenopausal
hormone use (never, former, or current hormone use, or missing), and oral contraceptive use were further adjusted.
‘Cumulative-averaged BMI (calculated as weight in kilograms divided by height in meters squared) (<21.0, 21.0-22.9, 23.0-24.9, 25.0-26.9, 27.0-29.9, 30.0-32.9, 33.0-34.9,

or >35.0kg/m?) was additionally adjusted.

dIncluding esophagus cancer, liver cancer, kidney cancer, myeloma, pancreatic cancer, colorectal cancer, gallbladder cancer, postmenopausal breast cancer, ovarian

cancer, and thyroid cancer.

€Including thyroid cancer, breast cancer, liver cancer, pancreatic cancer, endometrial cancer, esophagus cancer, colorectal cancer, kidney cancer, gallbladder cancer,
ovarian cancer, non-Hodgkin lymphoma, leukemia, and bladder cancer.
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Figure 1. Dose-response relationship between duration of type 2 diabetes and risk of cancer incidence. Data were combined from 2 cohorts. Spline regression adjusted
for age (month), ethnicity (White, African American, Asian, others), smoking status (never smoked; past smoker; currently smoke 1-14 cigarettes per day, 15-24 ciga-
rettes per day, or >25 cigarettes per day), alcohol intake (0, 0.1-4.9, 5.0-9.9, 10.0-14.9, 15.0-29.9, and >30.0 g/d), multivitamin use (yes, no), physical activity (quintiles), to-
tal energy (quintiles), alternative healthy eating index (quintiles), family history of diabetes (yes, no), family history of cancer (yes, no), endoscopy screening (yes, no),
and fasting glucose screening (yes, no). For women, insulin use (yes, no), oral hypoglycemic drug use (yes, no), mammography screening (yes, no), postmenopausal
hormone use (never, former, or current hormone use, or missing), and oral contraceptive use (yes, no) were further adjusted. P value for nonlinearity <.001 for panels
A, B, and C. A) Total cancer incidence; (B) obesity-related cancer incidence; (C) diabetes-related cancer incidence.

Table 4. Least square geometric means of plasma C-peptide and HbA1c level by diabetes duration in NHS and HPFS?*

C-peptide HbA.
Diabetes duration No. Least square geometric mean (95% CI), ng/ml No. Least square geometric mean% (95% CI)
No diabetes 9710 2.54 (2.26 to 2.85) 7714 5.55 (5.43 to 5.68)
0-20y 75 3.32(2.81t03.93) 201 7.18 (7.02 to 7.34)
2.1-40y 46 2.67 (2.20 to 3.24) 160 7.15 (6.99 to 7.32)
4.1-80y 95 2.85 (2.43 to 3.34) 275 7.69 (7.55 to 7.84)
8.1-10.0y 96 1.73 (1.48 to 2.03) 184 7.65 (7.49 to 7.81)
10.1-15.0y 34 1.99 (1.60 to 2.46) 209 7.92 (7.77 to 8.08)
>150y 34 2.09 (1.68 to 2.59) 225 7.21 (7.06 to 7.36)

#Data were combined from 2 cohorts. Multiple linear regression adjusted for age at blood draw, aspirin/NSAIDs use, presence of chronic diseases or conditions (hyper-
cholesterinemia, hypertension, cancer, osteoporosis, rheumatoid arthritis, stroke, and myocardial infarction), physical activity (continuous), current smoking status
(yes, no), case-control status, sex, and body mass index (continuous). CI = confidence interval; HPFS; Health Professionals Follow-up Study; NHS = Nurses’ Health

Study.

hazard ratios of cancer decreases after reaching a certain diabe-
tes stage when endogenous insulin secretion is gradually de-
pleted because of exhaustion of f cell function. Our data on C-
peptide and HbA1lc support this hypothesis because we found
the decline of the C-peptide level approximately coincided with
the decrease of cancer risk, whereas the HbA1lc level keeps in-
creasing during the extended course of diabetes.

The strengths of the current study included a large sample
size with long term of follow-up, use of incident T2D only, com-
prehensive repeated assessments of lifestyle and dietary fac-
tors, and a high follow-up rate. We also explicitly addressed the
reverse causality, ascertainment bias, and influence of cancer
screening. Our study also had some limitations. First, although
our analysis included several major types of cancer, we did not
have data to examine the associations for certain uncommon
cancers such as bile duct cancers, which have been associated
with T2D (23). Second, despite meticulous adjustment for po-
tential confounders, we could not rule out residual confounding
in our analysis particularly for BMI, which is closely related with
T2D. However, given the consistent positive associations ob-
served for most included cancers, residual confounding is un-
likely to fully account for these statistically significant

associations. Third, despite that we adjusted for the hypoglyce-
mic drug use, detailed information on specific drug use such as
sulphonylurea, metformin, and thiazolidinediones were lack-
ing. However, it is difficult to assess the influence of such in-
complete adjustment on the diabetes-cancer associations
because of substantial heterogeneity in the effects of different
hypoglycemic drugs on cancer risk (24-26). Additional long-
term prospective cohort studies with comprehensive informa-
tion on insulin and oral hypoglycemic drug use are needed to
clarify the associations between individual diabetes drugs and
cancer risk. Fourth, we were unable to directly examine the pro-
spective association between circulating insulin level and dia-
betes duration because the repeatedly measured insulin was
not available in our cohorts. Nonetheless, our biomarker analy-
sis on C-peptide and HbA1lc could still provide some insights to
further understand the mechanisms underlying the diabetes-
cancer associations. Finally, because the study participants
were mostly White health professionals, whether our findings
could be generalized to other populations remains unclear.
However, the association between diabetes and major cancers
incidence did not appear to differ substantially by ethnicity
groups (27-29).
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In conclusion, the cancer risks were statistically significantly
increased after diabetes diagnosis, but the increased risk appeared
to plateau or decrease after 8 years of diabetes duration, which co-
incided with the change of plasma C-peptide level over time. Our
findings support a role of hyperinsulinemia in cancer
development.
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