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Background

Different ages for diagnosis of diabetes have diverse effects on risks of cardiovascular disease, dementia, and mortality, but there is little evidence of cancer. This study investigated the relationship between diabetes at different diagnostic ages and risks of cancer incidence and mortality in people aged 37–73 years.





Methods

Participants with diabetes in the UK Biobank prospective cohort were divided into four groups: ≤40, 41–50, 51–60, and >60 years according to age at diagnosis. A total of 26,318 diabetics and 105,272 controls (1:4 randomly selected for each diabetic matched by the same baseline age) were included. We calculated the incidence density, standardized incidence, and mortality rates of cancer. Cox proportional hazard model was used to examine the associations of diabetes at different diagnostic ages with cancer incidence and mortality, followed by subgroup analyses.





Results

Compared to corresponding controls, standardized incidence and mortality rates of overall and digestive system cancers were higher in diabetes diagnosed at age 41–50, 51–60, and >60 years, especially at 51–60 years. Individuals diagnosed with diabetes at different ages were at higher risk to develop site-specific cancers, with a prominently increased risk of liver cancer since the diagnosis age of >40 years. Significantly, participants with diabetes diagnosed at 51–60 years were correlated with various site-specific cancer risks [hazard ratio (HR) for incidence: 1.088–2.416, HR for mortality: 1.276–3.269]. Moreover, for mortality of digestive system cancers, we observed an interaction effect between smoking and diabetes diagnosed at 51–60 years.





Conclusion

Our findings highlighted that the age at diagnosis of diabetes, especially 51–60 years, was critical risks of cancer incidence and mortality and may represent a potential preventative window for cancer.
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1 Introduction

Due to the rapid development of the socio-economy and dramatic change of lifestyle, cancer incidence and mortality are increasing greatly, causing a huge disease burden worldwide (1, 2). In the world, it has been estimated that the new cancer cases and deaths were 19.3 million and 10 million in 2020, respectively (1). A number of well-known risk factors have been identified for cancer, some of which are also common for diabetes, such as age, obesity, and unhealthy lifestyles (3, 4). In 2021, 537 million adults (20–79 years) worldwide suffered from diabetes, causing over 6.7 million deaths (5). A growing body of convincing evidence indicates that diabetes has been associated with an increased risk of cancer incidence and mortality including digestive system cancers, bladder cancer, endometrial cancer, and so forth (6–9).

Numerous studies have examined the relationship of diabetes at different diagnostic ages with cardiovascular disease (CVD), dementia, and all-cause or CVD mortality (10–16) and elucidated that the risk of disease and mortality varies by age at diabetes diagnosis, revealing the importance of diabetes at different diagnostic ages on these associations. Although studies have investigated the relationship between diabetes and the risk of cancer incidence and mortality (6, 7), they have not yet explored whether diabetes at different diagnostic ages exert effect on cancer risk. At present, only a small number of researches illustrate that the risk of pancreatic cancer ranks highest when diabetes was diagnosed at 20–54 years (17), but there is no clear consensus. Additionally, people aged 45–64 years have a high incidence rate of diabetes, and this period is a critical period in the life to prevent cancer (18). Exploring the association between diabetes at different diagnostic ages and multiple cancer risks may be beneficial in providing ideas for effective measures to prevent specific cancers in specific diagnostic ages, especially considering that there are common and modifiable risk factors between diabetes and cancer.

Therefore, we aimed to explore the relationship between diabetes at different diagnostic ages and risks of cancer incidence and mortality in a large prospective cohort study by dividing the age of diagnosis into four groups: ≤40, 41–50, 51–60, and >60 years. This better understanding of the importance of diabetes at different diagnostic ages for cancer outcomes is necessary to improve disease management, determine high-quality care for individuals with diabetes, and identify the population at high risk of cancer.




2 Materials and methods



2.1 Study design and participants

The UK Biobank is a large prospective cohort study that recruited over 500,000 participants aged 37–73 years between 2006 and 2010 from 22 assessment centers in the United Kingdom, covering a variety of different settings to provide socioeconomic, ethnic heterogeneity and urban–rural mix (detailed information on study design, implementation, and data acquisition can be found at https://www.ukbiobank.ac.uk) (19). The baseline information of participants, such as sociodemographic characteristics, lifestyle, disease, and medical history, was obtained by a self-administered touchscreen questionnaire, brief verbal interview, and physical measurements filled in during the 2006–2010 recruitment. All participants provided written consent, and the UK Biobank study protocol was approved by the North West Multicenter Research Ethics Committee.

For the present study, after excluding withdrawal, pregnancy, cancer diagnosed at baseline, and missing age at diagnosis of diabetes, 456,018 participants remained, of whom 26,318 had diabetes divided into four groups according to the age of diagnosis: ≤40, 41–50, 51–60, and >60 years (Figure 1). Each participant with diabetes was randomly matched with four controls of the same age at baseline from the remaining 429,700 participants without diabetes (i.e., for each patient with diabetes to be diagnosed at a certain age, his/her matched control was non-diabetes at that age, ensuring comparability between comparison groups). Finally, for four age groups for diabetes diagnosis, 14,584, 24,868, 42,524, and 23,296 participants were included as controls, respectively.




Figure 1 | Study flow diagram.






2.2 Ascertainment of diabetes and age at diagnosis

The baseline diabetes status was defined by at least one of the following criteria: (1) self-reported history of diabetes or reported a diagnosis of diabetes by a doctor; (2) hospital diagnosis of diabetes by the International Classification of Diseases, Ninth Revision (ICD-9: 250) and Tenth Revision (ICD-10: E10-E14); (3) use of diabetes medications or insulin; (4) glycosylated hemoglobin (HbA1c) levels ≥48 mmol/mol (20). The diagnosis age of diabetes can be directly obtained through self-reported age of diagnosis, inpatient records. For diabetes diagnosed only by HbA1c, the age of diabetes diagnosis was the baseline age. Those without the age of diabetes diagnosis were considered missing (1,644 individuals).




2.3 Outcome ascertainment

The incidence and mortality of overall (all cancers except non-melanoma skin cancer) and 24 site-specific cancers (first malignant cancer) were outcomes of interest. The cancer registration and death data were provided by National Health Service (NHS) England for participants in England and Wales, and NHS Central Register for participants in Scotland (https://biobank.ctsu.ox.ac.uk/crystal/refer.cgi?id=115559), and cancer registration data were obtained through linkage to the national cancer registries (https://biobank.ndph.ox.ac.uk/~bbdatan/CancerSummaryReport.html). Hospital admission data were obtained from the Health Episode Statistics and Scottish Morbidity Records. The detailed definition was captured using ICD-10, ICD-9, or self-reported data (Supplementary Table S1). The follow-up time of cancer incidence or cancer mortality outcome was expressed in person years (PYs) and calculated from baseline to the first occurrence of cancer cases or cancer deaths, or the end of the study period (the hospital admission and mortality data were available until 30 September 2021 and 31 October 2021, respectively). The median follow-up was 12.4 years.




2.4 Covariates

Variables included sex, race (White, Asian, Black, Mixed, and Other), body mass index (BMI; <25.0, 25.0–29.9, and ≥30 kg/m2), income (<18,000, 18,000–30,999, 31,000–51,999, and ≥52,000 pound), education (college or university, vocational, upper secondary, lower secondary, and others), socioeconomic status (defined by the Townsend deprivation index at recruitment), alcohol frequency (daily or almost daily, 3 or 4 times a week, 1 or 2 times a week, 1 to 3 times a month, special occasions only, never), smoking status (never, previous, and current), activity (low, moderate, and high), diet score (0, 1, 2, 3, and 4), family history of cancer, and the number of long-term conditions (none, one, two, three, four, five, and more) (21). The definition of a healthy diet score was shown in Supplementary Table S2. Missing values of covariates (29.32%–31.52%) were treated as dummy variables to preserve a large sample size and control the impact of missing data.




2.5 Statistical analysis

Continuous variables were expressed as mean ± standard deviation (SD), and were examined using Student’s t-tests. Categorical variables were presented as the quantity and percentage and analyzed using χ2 test.

The multivariable Cox proportional hazard model was used to examine hazard ratios (HRs) and 95% confidence intervals (CIs) for the associations of diabetes at different diagnostic ages with incidence and mortality of overall and individual cancers. The proportional hazards assumption was tested by Schoenfeld residuals, and no statistically significant deviations were observed. We calculated the incidence rates (per 10,000 person years) and mortality of overall and digestive system cancers among participants with diabetes versus control across different age groups. Moreover, standardized incidence rates (SIRs) of overall and digestive system cancers were calculated by dividing the observed number of cancer cases in diabetes at different diagnostic ages by the expected number of cancer cases in the corresponding control groups. The algorithm for standardized mortality rates (SMRs) was similar. In addition, we conducted a subgroup analysis to assess potential effect modification by sex, race, BMI, activity, smoke, alcohol, and diet score on the association between diabetes onset age at 51–60 years and the primary outcome of digestive system cancers. Then, the independent subgroup variable and its product term with age at diagnosis of diabetes were included in the multivariable Cox proportional hazard model to examine the multiplicative interaction.

To test the robustness of our results, we conducted a sensitivity analysis to exclude the outcome events that occurred during the first year of follow-up to avoid inverse causal relationships. In addition, we considered competing risk by using the Fine-Gray model to examine the association of diabetes at different diagnostic ages with incidence and mortality risks of cancer. All analyses were performed using SAS, version 9.4 (SAS Institute Inc, Cary, NC). A level of < 0.05 for two-sided P values was considered statistically significant.





3 Results



3.1 Characteristics of the study participants

A total of 131,590 participants were investigated in this study (Figure 1), and participants’ baseline characteristics were shown in Table 1. For most of the diagnostic age groups, in comparison to participants without diabetes at baseline, those diagnosed with diabetes were more likely to be male, smokers and less active, have higher BMI but lower education, income, socioeconomic status and diet score, and be with higher proportion of other diseases but slightly lower proportion of family history of cancer.


Table 1 | Baseline characteristics of participants by age at diagnosis of diabetes.






3.2 Absolute and relative risk of cancer onset and death across different ages at diagnosis

Except for the diagnosis age ≤40 years, the participants with diabetes had a higher proportion of overall and multiple cancers, mainly digestive system cancers (esophageal, gastric, colorectal, and liver cancers), bladder and endometrial cancers, during follow-up period compared with the participants without diabetes (Supplementary Table S3). Furthermore, compared with those without diabetes, patients with diabetes diagnosed at 51–60 years had higher proportion of deaths from 10 specific cancers, particularly digestive system cancers. In other diagnosis age groups, there were fewer types of cancers with higher mortality in diabetes (Supplementary Table S4).

The higher annual incidence (109.22–198.09 per 10,000 PYs) and mortality (35.26–73.22 per 10,000 PYs) of overall cancer were observed in those with age of diabetes diagnosed at 41–50, 51–60, and >60 years than their counterparts (Figures 2A, B). Specially, compared with their controls, the annual incidence (23.99–53.00 per 10,000 PYs) and mortality (9.82–27.40 per 10,000 PYs) of digestive system cancers were significantly increased in all diagnostic age groups (Figures 2C, D). Furthermore, the relative risks of overall cancer, digestive system cancers, and their mortality were also presented as SIRs and SMRs in Figure 2. The SIR of overall cancer was higher than that of the corresponding control groups except for the diagnosis age ≤40 years (Figure 2A). For different ages at diabetes diagnosis, the SMR of overall cancer and SIR/SMR of digestive system cancers were higher than those in the corresponding control groups (Figures 2B–D), remarkably patients with diabetes at diagnosis age 51–60 years (SIR: overall cancer, 1.24; SMRs: overall cancer, 1.70; digestive system cancers, 2.13).




Figure 2 | (A) Incidence density and standardized incidence of overall cancer. (B) Incidence density and standardized mortality of overall cancer. (C) Incidence density and standardized incidence of digestive system cancer. (D) Incidence density and standardized mortality of digestive system cancer. SIR, standardized incidence rate; SMR, standardized mortality rate.






3.3 Diabetes at different diagnostic ages and risk of cancer

The relationship between diabetes at different diagnostic ages and cancer risk was presented in Figure 3 and Supplementary Table S5. Overall, in comparison to the corresponding controls, only patients with diabetes with diagnosis age 51–60 years had an increased risk of overall cancer after adjusting for relevant factors [HR (95% CI): 1.088 (1.029–1.152)]. For risk of site-specific cancers, diabetes with diagnosis age ≤40 years was only associated with an increased risk of bladder cancer (Figure 3A). At diagnosis age of 41–50 years, risks of four cancers (oral, liver, kidney, and endometrial cancers) were elevated in patients with diabetes (Figure 3B). Surprisingly, those with diagnosis age at 51–60 years significantly increased risks of multiple cancers, mainly digestive system cancers, including esophageal cancer [HR (95% CI): 1.605 (1.197–2.152)], gastric cancer [HR (95% CI): 1.600 (1.133–2.258)], liver cancer [HR (95% CI): 2.416 (1.743–3.349)] and pancreatic cancer [HR (95% CI): 1.642 (1.222–2.205)] (Figure 3C). With respect to diagnosis age of >60 years, we observed patients with diabetes were susceptible to developing into three types of cancers, namely, liver, pancreatic, and bladder cancers (Figure 3D). In contrast, there was a significant decrease risk of prostate cancer across all age groups, prominently lowest in the youngest age group [HR (95% CI): 0.668 (0.499–0.894)].




Figure 3 | The relationship between cancer incidence risk and diabetes at different diagnostic ages (A: ≤ 40 years, B: 41–50 years, C: 51–60 years, and D: > 60 years). The colors represented different body systems. Multivariable analysis was adjusted for sex, race, income, education, alcohol consumption, physical activity, smoking, body mass index, diet score, family history of cancer, and long-term conditions. *HR was not calculated due to small sample size. CI, confidence interval; HR, hazard ratio.






3.4 Diabetes at different diagnostic ages and risk of cancer mortality

In different diagnosis age groups, individuals with diabetes had a lower survival probability for overall cancer or digestive system cancers than those without diabetes, especially among participants diagnosed at 51–60 years and >60 years (Supplementary Figure S1). The findings for the associations between diabetes at different diagnostic ages and cancer mortality were shown in Figure 4 and Supplementary Table S6. After adjusting for relevant factors, the increased risk of overall cancer mortality in patients with diabetes compared with matched controls was observed at diagnosis age of 51–60 and >60 years, but not ≤40 and 41–50 years. For site-specific cancers, there were no statistically significant relationships between diabetes diagnosed at ≤40 years and individual cancers (Figure 4A). Patients with diabetes diagnosed at 41–50 years only had a higher risk of liver cancer mortality compared with the corresponding controls (Figure 4B). Five cancers had increased risk of mortality in diabetes compared with non-diabetes at diagnosis age of 51–60 years, that is, esophageal cancer [HR (95% CI): 2.037 (1.343–3.089)], liver cancer [HR (95% CI): 3.269 (2.073–5.154)], pancreatic cancer [HR (95% CI): 1.519 (1.057-2.183)], leukemia [HR (95% CI): 1.834 (1.041–3.229)], and endometrial cancer [HR (95% CI): 2.436 (1.079–5.501)] (Figure 4C). Meanwhile, diabetes diagnosed at >60 years demonstrated a positive association with mortality risk of liver cancer and pancreatic cancer (Figure 4D).




Figure 4 | The relationship between cancer mortality risk and diabetes at different diagnostic ages (A: ≤ 40 years, B: 41–50 years, C: 51–60 years, D: > 60 years). The colors represented different body systems. Multivariable analysis was adjusted for sex, race, income, education, alcohol consumption, physical activity, smoking, body mass index, diet score, family history of cancer, no. of long-term conditions, antihypertensive, and lipid-lowering drugs. *HR was not calculated due to small sample size. CI, confidence interval; HR, hazard ratio.






3.5 Subgroup analysis

Since we mainly found that the incidence and mortality risks of digestive system cancers were elevated in patients with diabetes at diagnosis age of 51–60 years, we conducted a subgroup analysis based on baseline characteristics and lifestyles (Table 2). Diabetes was positively related to the risks of digestive system cancers incidence and mortality in both genders and White persons. Moreover, both the risks of digestive system cancer incidence and mortality were increased in diabetic patients with BMI ≥25 kg/m2 and were even higher in those with unhealthy lifestyles such as smoking, alcohol consumption, lower physical activity, and diet score. There was an interaction effect between smoke and diabetes at diagnosis age of 51–60 years on mortality of digestive system cancers (P for interaction: 0.027).


Table 2 | Subgroup analysis for incidence and mortality risks of digestive system cancers in patients with diabetes at diagnosis age of 51–60 years by baseline characteristics and lifestyle.






3.6 Sensitivity analysis

In sensitivity analyses, after excluding participants with outcome event within the first year of follow-up (Supplementary Tables S7 and S8), the main results of the association between diabetes at different diagnostic ages and risks of cancer incidence and mortality were not affected, demonstrating the stability of our results. More importantly, it was found that the association between diabetes at different diagnostic ages and risks of cancer incidence and cancer mortality was also stable through competitive risk (Supplementary Tables S9, S10).





4 Discussion

In this large and prospective cohort study, we observed higher absolute and relative risks of overall cancer and digestive system cancers in individuals with diabetes diagnosed at different ages. Diabetes diagnosed at different ages suffered from high risk to develop specific cancers, with a dominantly increased risk of liver cancer throughout all the diagnosis age of diabetes at ≥40 years. Notably, diabetes diagnosed at 51–60 years was associated with risks of multiple site-specific cancers, including digestive system cancers, lung cancer, and leukemia. Moreover, for the age of diagnosis 51–60 years, there was an interaction effect of smoking and diabetes on the mortality of digestive system cancers.

Emerging evidence have represented that, compared with those without diabetes, diabetes was associated with elevated risks of incidence and mortality of overall cancer and multiple cancers but a reduced incidence of prostate cancer (7, 22–26). A previous study using the UK Biobank database also illustrated that diabetes is associated with a higher risk of gastric, liver, lung, bladder, and endometrial cancers, but a decreased risk of prostate cancer (27), consistent with the findings in diabetes diagnosed at age 51–60 years in our study. However, we also observed increased risks of esophageal cancer, colorectal cancer, pancreatic cancer, and leukemia in patients with diabetes diagnosed at 51–60 years. Additionally, risks of oral cancer, liver cancer, and kidney cancer were significantly elevated for those at the diagnosis age of 41–50 years. These differences between the two studies may be due to the influence of age at diabetes diagnosis. A number of studies revealed that diabetes at different ages of diagnosis show various risks of CVD, dementia, mortality, and so forth (10–17). One of these studies depicted the risks of other adverse outcomes including CVD, disability, cognitive impairment, and all-cause mortality were related to diabetes at diagnosis of age 51–60 years (10), which was comparable to our study. To date, only one study from Chinese population reported a higher risk of pancreatic cancer in the younger age at diagnosis of diabetes (20–54 years) (17), but according to our findings, patients with diabetes diagnosed at 51–60 and >60 years had a higher risk of pancreatic cancer, compared with matched controls. This may be due to differences in race and classification of age groups for diabetes diagnosis.

At present, the underlying mechanisms for the association between the age at diagnosis of diabetes and risks of cancer incidence and mortality remains unclear. Accumulating evidences supported that insulin resistance, subsequent hyperinsulinemia, and hyperglycemia were hypothesized to be the biological mechanisms linking diabetes to cancer risk (28–33). Hyperinsulinemia can influence cancer development by indirectly affecting endogenous hormones, and hyperglycemia can induce oxidative stress and DNA damage, both of which regulate signaling pathways and stimulate cancer cell proliferation, thereby affecting cancer development and progression (28–33). The risk of cancer begins to increase among people aged 50–64 years (34, 35). Therefore, in the age of 51–60 years, compared with those without diabetes, the increased cancer risk of participants with diabetes may be ascribed to a synergistic effect between biological age and the influence of hyperglycemia, insulin resistance and hyperinsulinemia. Whereas, the observed inverse association between diabetes and prostate cancer can be explained by the lower levels of testosterone or leptin and insulin-like growth factor 1 in men with diabetes (36). For the diagnosis age ≤40 years and 41–50 years, there is no statistical significance between diabetes and multiple site-specific cancers, which may be caused by the lower statistical ability due to the fewer cases of diabetes at diagnosis age ≤50 years.

The highlights of this study indicated the importance of different ages at diagnosis for individuals with diabetes on risks of cancer incidence and mortality. In addition to the wide range of cancers that should be screened for individuals with diabetes diagnosed at 51–60 years, the remaining age groups should also be screened for their specific cancers. Moreover, individuals with diabetes, in each diagnosed age group, can reduce the risk of cancer by changing common and changeable risk factors between diabetes and cancer through healthy lifestyle. Researches demonstrated that adopting a healthy lifestyle cannot only reduce the risk of diabetes (37, 38) but also be associated with a significantly lower risk of cancer incidence and mortality (39). Five cohort studies and a meta-analysis indicated that adherence to a healthy lifestyle was associated with a lower risk of overall cancer and specific cancers (esophagus, lung, liver, colorectal, and renal) incidence or mortality in subjects with diabetes (40, 41). In particular, our research discovered that, when the age of diabetes diagnosis was 51–60 years old, smokers had a higher risk of digestive system cancers mortality. Therefore, in the population aged 51–60 years, both individuals with diabetes and non-diabetes should adhere to a healthy lifestyle of quit smoking to reduce the risk of cancer mortality.

Our study had several major strengths. As far as we know, this was the first study to comprehensively explore the association between diabetes at different diagnostic ages and risks of cancer incidence and mortality, with the advantages of large sample size and long follow-up time. In addition, by matching the baseline ages of the diabetes and non-diabetes groups, we ensured as much as possible that the controls did not have diabetes when individuals were diagnosed with diabetes and could ensure comparability between comparison groups. We also acknowledged some limitations of our study. First of all, we did not distinguish type 1 diabetes and type 2 diabetes in this study, because there was no detailed information at baseline for diabetes patients diagnosed by doctors or judged by HbA1C. Second, although the potential confounding factors have been meticulously adjusted, we could not exclude the residual confounding in our analysis. For example, it was difficult to assess the effect of cancer staging or diabetes drugs on the correlation between the age of diabetes diagnosis and cancer. Although setting the missing covariate as a dummy variable could preserve a larger sample size, it may overestimate the associations. Moreover, this study had some selection bias, such as immortal time bias, which may lead to fewer cancer outcomes in the exposed groups and the underestimation of the associations. We used strict inclusion and exclusion criteria and selected controls at the same matched age at baseline to minimize bias as much as possible. Finally, although we have excluded cancer patients who developed within 1 year after follow-up, we could not completely exclude the reverse causal relationship between the age at diabetes diagnosis and cancer.



4.1 Conclusions

In conclusion, these representative data indicated that individuals with diabetes diagnosed at different ages have high risks of specific cancers. Individuals with diabetes suffered a persistently increased risk of liver cancer since the diagnosis age of >40. It is worth noting that those diagnosed aged 51–60 years linked to risks of multiple site-specific cancers and smoking and diabetes have interaction on mortality of digestive system cancer. This emphasized that age at diagnosis and tobacco control is important windows for the management, screening, and preventative strategies of diabetes and cancer.
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No 1.861 (1.464-2.365) 1.780 (1.249-2.538)
Yes 1.392 (1.201-1.613) 1.623 (1.294-2.036)
Smoke 0.143 0.027
No 1.320 (1.091-1.597) 1.338 (0.987-1.813)
Yes 1.522 (1.320-1.754) 2.008 (1.622-2.486)
Alcohol 0311 0.107
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High 1.482 (1.141-1.926) 1.630 (1.079-2.464)

CI, confidence interval; HR, hazard ratio.

The model of incidence was adjusted for sex, race, income, education, alcohol consumption, physical activity, smoking, body mass index, diet score, family history of cancer, and long-term conditions.
‘The model of mortality was adjusted for sex, race, income, education, alcohol consumption, physical activity, smoking, body mass index, diet score, family history of cancer, long-term conditions,
antihypertensive, and lipid-lowering drugs.
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*Refers to significant difference between diabetes and non-diabetes at different ages of diagnosis. T-test was used to test the difference of continuous variables between hypertensive participants

and controls and % for categorical variables.
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