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In recent years, coinciding with the increasing incidence of type 2 diabetes mellitus (T2DM) in children and
adolescents, the global prevalence of diabetic kidney disease (DKD) and end-stage renal disease (ESRD)

are rising year on year. In contrast, the mortality and morbidity due to cardiovascular disease (CVD) and
stroke in people with diabetes have been declining. The precise cause of the disparate vascular outcomes

in diabetes remains unexplored. To elucidate the relationship, we conducted a retrospective cohort study
on the UK Biobank data. In our study, the exposure variables were the age of diabetes and hypertension
diagnosis, while the outcome variables were ESRD, myocardial infarction, angina, and stroke. Univariable
and multivariable logistic regression models were fitted to assess odds ratios (ORs) and 95% confidence
intervals (Cls). Model performance was evaluated using the receiver operating characteristic (ROC) curve.
Sensitivity analyses were conducted on participants who developed diabetes before and after the age of

20 years and with and without female participants. Univariable logistic regression showed that compared
to those diagnosed after the age of 60, the odds of ESRD for those diagnosed at ages <20, 20-40, and 41—
60 years were 5.26 (3.00—9.40), 7.78 (4.81-13.16) and 2.33 (1.50 — 3.84), respectively. Myocardial infarction
and stroke did not have a statistically significant relationship with younger age of diabetes diagnosis. In
those with a dual diagnosis of diabetes and hypertension, irrespective of the age of diabetes diagnosis,

the age of hypertension diagnosis at age <20, 2040, and 41-60 years, compared to those who developed
it after the age of 60 years, had a greater risk of ESRD, 2.20 (1.58 - 3.11), 5.03 (3.79-6.81), and 1.53 (1.16
—2.06), respectively. After adjusting for sex and albuminuria, multivariable logistic regression model 1
showed that compared to those who developed diabetes above the age of 60, those who developed it<20,
20-40 and 41-60 had a higher risk of ESRD, 4.71 (2.47 —9.28), 4.67 (2.63 —8.78), and 1.94 (1.16 - 3.49),
respectively. Likewise, in model 2, when the duration of diabetes was used as the explanatory variable, each
year of increased duration of diabetes increased the odds of ESRD by 2%, with an odds ratio of 1.02 (1.01-
1.03). Younger onset of hypertension but not diabetes increased the odds of myocardial infarction (MI).
There was no statistically significant relationship between the age of diabetes, and hypertension diagnoses
with angina and stroke. Model performance was excellent, with over 80% of the data points falling below
the area under the curve. Sensitivity analyses showed young-onset diabetes as a significant determinant of
ESRD. Young-onset and longer-duration of diabetes increase the risk of ESRD. For those with diabetes and
hypertension, a younger onset of hypertension but not diabetes may also increase the risk of MI.
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End-stage renal disease (ESRD) is one of the most expensive and debilitating complications of diabetes. Over
the last three decades, despite a substantial decline in cardiovascular disease (CVD) mortality and morbidity
in individuals with diabetes, the global burden of ESRD continues to rise!>. According to the Renal Registry
UK Report 2022, diabetic kidney disease (DKD) accounted for nearly 30% of the new registrants for renal
replacement therapy (RRT)* Between 2013 and 2022, the proportion of RRT initiated due to DKD rose by
4.2%, while other causes of RRT initiation either declined or remained steadys. Alarmingly, in the UK, in 2022,
8.2% of individuals with DKD requiring RRT were under the age of 54 years, despite the median age for RRT
initiation being 64 years, highlighting a significant disparity in RRT initiation age between people with and
without diabetes®. With an estimated annual cost of £34,000 per RRT and a significant impact on public health,
DKD and its progression to ESRD is a major research priority’.

Young-onset T2DM is a distinct and more aggressive phenotype, and it does not follow a long quiescent
phase of steady progression over many years observed in adult-onset T2DM. In contrast, it has unknown and
complex genetic and epigenetic karyotype, compared to a well established pathway of metabolic deregulation,
associated with insulin resistance in adult-onset®’. It is a rapidly progressive condition with fast apoptosis
and annual decline in pancreatic B-cell function of 20-35%, compared to ~7% in adult-onset T2DM°. Some
disparate characteristics of young-onset T2DM compared to the adult-onset are — higher prevalence of obesity
(95% vs 50%)'!, more pronounced visceral adiposity and hepatic ectopic fat deposition!?, heightened insulin
signalling deregulation in skeletal muscles, interfering with glucose disposal pathway*?, higher level of systemic
inflammation, evidenced by an elevated level of high-sensitive C-reactive protein (hs-CRP), Tumour Necrosis
Factor alpha (TNF-a) and interleukin 1 beta'*!>, increased prevalence of maternal gestational diabetes and
intrauterine exposure to hyperglycaemia', and higher level of pubertal surges in the circulating insulin-
antagonistic hormones such as growth hormones, corticosteroid and sex hormones'’. These differences in the
pathophysiology of young- onset T2DM warrants it to be treated as a distinct disease entity which may have a
disparate impact on cardiovascular and renovascular outcomes, than older-onset T2DM.

Traditionally, people with DKD have been more likely to die of CVD before progressing to ESRD. For
instance, a nationwide cohort study in Finland showed that the cumulative risk of death within 10 and 20 years
from the diagnosis of T2DM was 34% and 64%, respectively, compared to a much lower risk of ESRD at 0.29%
and 0.74%18. Multiple studies have shown that people with DKD are 10 to 40 times more likely to die of CVD
rather than progressing to ESRD'*-2!. However, emerging global trends of CVD events, mortality and ESRD in
people with diabetes indicate an evolving pattern, disparate from the previous norm. While all-cause and CVD
mortality among people with diabetes is decreasing??, an increasing number of younger people are developing
DKD and progressing to ESRD*. Whether this shift is due to the recent increase in the number of childhood
and adolescent developing T2DM is unknown. This study aims to examine the impact of the age of diabetes and
hypertension diagnosis on cardiovascular and renovascular outcomes in individuals with diabetes.

Methods

Study design and population

We conducted this retrospective cohort study using data from individuals who completed the UK Biobank study
questionnaire. It did not differentiate between the types of diabetes. For this study, we used instance 0, which
was the assessment visit. For descriptive analyses, we used the entire cohort, and for exploratory analyses, we
used participants with diabetes. The inclusion criteria were self-reported diabetes (UK Biobank data field -
2443, “Diabetes diagnosed by a doctor”), and exclusion criteria were those who did not answer this question or
responded as “No”. The study selection process is available in the flow chart. (Supplementary material 1 - Fig. 1).
The complete coding schedule is available online (Supplementary material 4). All methods are performed in
accordance with the relevant guidelines and regulations.

The UK Biobank is a large, population-based cohort comprising over 500,000 volunteers aged 40-69 years,
recruited between 2006 and 2010 from 22 assessment centres across England, Wales and Scotland. During their
assessment visits, participants provided electronic consent and completed a touchscreen-based questionnaire.
The questionnaire collected extensive demographic and lifestyle information, including current and past medical
history, medication use, ethnic and socioeconomic profiles, occupation, educational background, smoking
status, dietary habits, exercise habits, and alcohol consumption habits. It also included the ages of diabetes,
hypertension and ESRD diagnoses and the ages of starting and stopping smoking?*.

Exposure and outcome variables
The population for our study consisted of individuals with diabetes. The exposure was the age at which
diabetes and hypertension were diagnosed. The comparison was made among four groups based on the age of
diagnosis: < 20, 20-40, 41-60, and > 60 years. The primary outcomes were ESRD, myocardial infarction (MI),
angina and stroke, and the secondary outcome was urinary albumin concentration (UAC). The rationale for
including hypertension diagnosis age with diabetes was that individuals who develop diabetes at a young age are
at a higher risk of developing hypertension, which is an independent risk factor for ESRD*. Moreover, as a part
of the metabolic syndrome, diabetes and hypertension often co-exist, and they independently and synergistically
interfere with the renovascular endothelial integrity?. Those who reported any of the primary or secondary
outcomes, i.e., ESRD, MI, angina, stroke and albuminuria before the onset of diabetes and hypertension, were
excluded from the study. The accuracy of participants’ reported diabetes, hypertension, angina, MI, ESRD and
stroke were verified by the UK Biobank and were coded on their website. A full description of the codes and their
definitions is available on the UK Biobank website and is included in supplementary material 4.

Following the Kidney Disease Improving Global Outcome (KDIGO) guidelines?’, we defined
normoalbuminuria as a UAC value of <20 mg/dL in a spot urine sample, microalbuminuria as a UAC value of
20-200 mg/dL, and macroalbuminuria as a UAC value >200 mg/dL. The Townsend deprivation index was used
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to define deprivation, and based on the index score, the cohort was divided into five quintiles from the least
to the most deprived. As almost 94% of the study participants were from white backgrounds, we divided the
participants into two groups: white and non-white.

Statistical analyses
By identifying individuals with diabetes and hypertension from the questionnaire, we calculated the duration of
diabetes and hypertension by subtracting the age of diagnosis from the participant’s age on the assessment date.
For ex-smokers, the duration of smoking was calculated by subtracting the age they stopped smoking from the
age they started. For current smokers, the duration was calculated by subtracting the participant’s starting age
from their current age.

The baseline characteristics of the participants were stratified into two groups: those with and without diabetes.
Descriptive statistics were reported as means + standard deviation for normally distributed numerical variables
and medians with interquartile range (IQR) for non-normally distributed numerical variables. Categorical
variables were presented as numbers and percentages. Statistical significance between the two groups, with and
without diabetes, was assessed using the Wilcoxon Rank-Sum test for non-parametric numerical variables, an
independent Student t-test for parametric numerical variables, and a Chi-squared test for categorical variables.

We selected the longitudinal cohort of eligible UK Biobank study participants with diabetes and followed
them until the outcomes of interest, i.e., myocardial infarction, angina, stroke and ESRD. We also analysed
the UAC value at the time of assessment visits as a composite secondary outcome marker for ESRD, CVD and
stroke. Follow-up time was defined as the interval from the mean age of diabetes diagnosis to the mean age
of the occurrence of the events of interest. We also used the age of hypertension diagnosis, the duration of
hypertension and diabetes, smoking status, and age of starting and stopping smoking as explanatory variables
for stratified analyses. In addition, we did further analyses to explore the relationship between the age of diabetes
and hypertension diagnoses and the age of ESRD onset.

A Locally Estimated Scatterplot Smoothing (LOESS) method was applied to explore the UAC trend based
on the age of diabetes and hypertension diagnoses and the age of starting smoking in current and ex-smokers
who reported ESRD, myocardial infarction, angina and stroke. This method is a suitable method to explore the
complex nonlinear relationship between the dependent variable (UAC) and independent variables (i.e., age of
diabetes and hypertension diagnoses and age of starting smoking in current and ex-smokers), when a predefined
functional form of the relationship is unknown. The young age of starting smoking has been attributed to
albuminuria in our previous study®.

We fitted a univariable logistic regression model to assess if the age of diabetes diagnosis can predict ESRD,
myocardial infarction, angina and stroke outcomes. We also conducted multivariable logistic regression models
to explore the relationship between the age of onset of diabetes and hypertension and ESRD, MI and stroke
outcomes. When we used hypertension diagnosis age in the model, we only selected those who reported diabetes.
In these models, we did not use the age of diabetes diagnosis; instead, we focused solely on the relationship
between the age of hypertension diagnosis and the outcomes of interest, individuals with a concurrent diagnosis
of diabetes and hypertension.

As there is an overlapping relationship between the age of diabetes diagnosis and the duration of diabetes,
we conducted two separate multivariable logistic regression analyses. To meet the logistic regression model
assumptions of multicollinearity and independence, diabetes diagnosis age and duration were analysed in
separate models. In model 1, diabetes diagnosis age and in model 2, diabetes duration was used as explanatory
variables, while sex and albuminuria were treated as confounding variables.

Aswe could not distinguish between the types of diabetes from the questionnaires filled out by the respondents
of UK Biobank, we conducted a sensitivity analysis excluding those who were diagnosed with diabetes below
the age of 20 years. We assumed that this cohort were more likely to have Type 1 Diabetes (T1DM) than T2DM.
Furthermore, we conducted a sensitivity analysis excluding females from the dataset to verify the model’s
validity, thereby eliminating the influence of sex.

Model discrimination was evaluated using receiver operating characteristics (ROC) and the area under
the curve (AUC). The goodness of fit (GOF) was assessed by analysing the calibration plot and Hosmer and
Lemeshow GOF test. Concordance with the assumptions of the logistic regression model was assessed using
the Durbin-Watson test for the independence of observation and the Variance Inflation Factor (VIF) for
multicollinearity. Missing data were analysed using Multiple Imputations of Chained Equation (MICE). All
analyses were conducted using software R version 4.4.3.

Results
Out of a total of 497,895 eligible study participants who consented to share their data, 5.3% (n=26,206) had
diabetes. Of them, 8.3% (n=2247) of study participants reported being on insulin, suggesting that the number
of TIDM is unlikely to exceed 2247. (Supplementary material 4 - UKB data field 6143). The selection process
is in the flow chart. (Supplementary material 1—Fig. 1). The mean follow-up period for people with diabetes
who had ESRD, and stroke was 9 years and 11 years, respectively. The follow-up period for myocardial infarction
and angina was 12 years. Thus, the total person-years of follow-up for those with ESRD were 235,854 person-
years. For stroke, the follow-up period was 288,266 person-years, and myocardial infarction and angina, 314,472
person-years, totalling 838,592 person-years of follow-up. (Supplementary materials 1 - Fig. 2). Apart from age,
BM]I, and waist circumference, all other numerical variables had a non-parametric distribution. The distribution
of numerical variables is represented in the histograms with normality lines. (Supplementary materials 1—
Figs. 3,4,5,6,7,8,9).

ESRD was reported in 0.2% (n =875) of those without diabetes and 1.2% (n = 303) with diabetes, corresponding
to a prevalence rate of ESRD of 200 per 100,000 population without diabetes and 1,200 per 100,000 population
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in those with diabetes. Macrovascular complications were more prevalent in people with diabetes than without.
Angina was reported in 7.5% (n =1958) of individuals with diabetes compared to 2% (n=9220) in those without.
Myocardial infarction was reported by 8.6% (n=2250) of individuals with diabetes compared to 2% (n=9198)
in those without. Likewise, in the diabetes group, 2.9% (n="771) had a stroke compared to 1.1% (n=5367) in the
group without diabetes. Baseline characteristics are summarised in Table 1.

The associations between ages at diabetes and hypertension diagnoses, starting smoking, and UAC trends in
individuals who developed ESRD, MI, angina or stroke were assessed using the LOESS method. In ESRD cases,
UAC value peaked when diabetes was diagnosed between 15 and 30 and declined with later age of diagnosis
(Fig. 1), mirroring trends by diabetes duration (Supplementary Fig. 10). In contrast, UAC values remained steady
across different ages and durations of hypertension diagnosis (Fig. 1, Supplementary Fig. 10). No association
between UAC value and diabetes or hypertension diagnoses age was found in those with MI, angina or stroke
(Supplementary Figs. 11, 12, 13).

In individuals with ESRD, UAC values had a monophasic peak in current smokers and had multiple peaks
and troughs in ex-smokers based on the age of starting smoking. (Fig. 2). No such relationship was observed in
those with MI, angina and stroke (Supplementary Figs. 14, 15, 16).

No diabetes group | Diabetes group
Variables (n=471,689) (n=26,206) p-value
Age—mean (SD) 56.87 (8.1) 60.05 (7.2) <0.001
Sex (Male %) 210,892 (44.7) 15,876 (60.6) <0.001
Ethnicity (White %) 443,818 (94.3) 24,909 (94.1) | 0.312
Least deprived 94,332 (20.0) 5145 (20.0)
Less deprived 94,173 (20.0) 5275 (20.0)
Deprivation quintile (%) Moderately deprived 94,229 (20.0) 5232 (20.0) 0.635
More deprived 94,199 (20.0) 5235 (20.0)
Most deprived 94,168 (20.0) 5287 (20.0)
Diabetes diagnosis age <40 N/A 3735 (14.9)
Diabetes diagnosis age category (years) Diabetes diagnosis age 40-60 N/A 16,609 (66.2) N/A
Diabetes diagnosis age > 60 N/A 4752 (18.9)
Hypertension (%) 106,143 (22.5) 12,975 (49.5)
Hypertension diagnosis age <40 23,193 (19.8) 3268 (20.0)
(P;gresr;emi"“ diagnosis age category Hypertension diagnosis age 40-60 | 78,893 (67.4) 11,400 (69.8) | <0.001
Hypertension diagnosis age > 60 15,008 (12.8) 1655 (10.1)
ESRD (%) 875 (0.2) 303 (1.2)
ESRD diagnosis age <40 145 (16.6) 25(8.3)
ESRD diagnosis age (years) ESRD diagnosis age 40-60 379 (43.3) 117 (38.6) <0.001
ESRD diagnosis age > 60 351 (40.1) 161 (53.1)
Angina (%) 9220 (2.0) 1958 (7.5) <0.001
Myocardial infarction (%) 9198 (2.0) 2250 (8.6) <0.001
Stroke (%) 5367 (1.1) 771 (2.9) <0.001
Non-smoker 260,571 (55.2) 12,074 (46.1)
Smoking status (%) Ex-smoker 161,349 (34.2) 11,212 (42.8) <0.001
Current smoker 49,769 (10.6) 2920 (11.1)
Ex-smokers smoking starting age (years, median, IQR) 17 (15 -18) 16 (15-18) <0.001
Age stopped smoking (years, median, IQR) 39 (30-48) 43 (34-52) <0.001
Ex-smokers smoking duration (years, median, IQR) 21 (13-31) 26 (17-35) <0.001
Current smokers’ smoking starting age (years, median, IQR) 6 (15-19) 16 (14-19) <0.001
Current smokers’ smoking duration (years, median, IQR) 38 (31-45) 42 (35-47) <0.001
Body mass index—mean (SD) (kg/m?) 27.21 (4.6) 31.33(5.9) <0.001
Waist circumference (mean + SD) (cm) 89.60 (13.1) 102.55 (14.6) <0.001
Lipid-lowering medication (%) 27,095 (5.7) 7190 (27.4) <0.001
Anti-hypertensive medication (%) 26,569 (5.6) 1110 (4.2) <0.001
Normoalbuminuria 107,005 (77.6) 7709 (57.7)
Albuminuria category (%) | Microalbuminuria 28,933 (21.0) 4852 (36.3) <0.001
Macroalbuminuria 2019 (1.5) 807 (6.0)

Table 1. Baseline characteristics of the UK Biobank cohort.
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Urinary albumin concentration in people with ESRD and diabetes
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Fig. 1. Scatter plot showing the trend of UAC values based on diabetes and hypertension diagnosis ages (Red
line = mean value, violet shade =95% confidence intervals, black dots=UAC values, method =’loess’ and
formula="y ~X).
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Fig. 2. Scatter plot showing the trend of UAC values based on smoking starting age in current and ex-smokers
((Red line =mean, violet shade =95% confidence intervals, black dots = UAC values, method =’loess’ and

formula="y ~x’) (Peak UAC in current smokers who started smoking between 15 - 20, in ex-smokers, multiple
peaks and troughs in UAC).

ESRD diagnosis age based on diabetes and hypertension diagnosis age

In people with diabetes and ESRD, the mean age of ESRD onset was 57.1+6.6 years. There was a linear
relationship between the age of diabetes diagnosis and the age of ESRD diagnosis, showing that the younger the
onset of diabetes, the earlier the onset of ESRD. (Fig. 3).

There was a significant difference in the ESRD onset age between sexes based on the age of diabetes and
hypertension diagnosis. Females who developed diabetes at an age <20 years had ESRD at an earlier age than
males. On the contrary, males who had hypertension below the age of 20 years had ESRD earlier than females.
(Fig. 4).

Univariable logistic regression: ESRD, myocardial infarction, angina and stroke risk

The univariable unadjusted logistic regression model showed that the risk of ESRD is significantly higher in
people with diabetes who were diagnosed before the age of 60 years. Compared to those who developed above
the age of 60, those who developed diabetes at an age <20, 20 to 40 and 41 to 60 years, the odds of ESRD were
5.26 (95% CI 3.00 - 9.40), 7.78 (95% CI 4.81 - 13.16) and 2.33 (95% CI 1.50 — 3.84), respectively. Likewise, in
people with diabetes and hypertension, compared to those who developed hypertension above the age of 60, the
age of diagnosis <20, 20 to 40 and 41 to 60 years was associated with the odds of ESRD 2.20 (1.58 - 3.11), 5.03
(3.79 - 6.81), and 1.53 (1.16 - 2.06), respectively. There was no statistically significant association between the
younger age of diabetes onset with myocardial infarction and stroke. (Table 2).
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ESRD onset age in people with diabetes based on the age of diabetes and hypertension diagnosis
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Fig. 4. Box plots—diabetes and hypertension diagnosis age and ESRD onset age.

Adjusted multivariable regression models — ESRD and age of diabetes diagnosis

The logistic regression model was fitted to explore how the univariable model performed when the age of diabetes
diagnosis, gender and albuminuria were adjusted in the model. We did not fit the age of diabetes diagnosis and
the duration of diabetes in the same model because of interdependence and a violation of the assumption of
logistic regression. In Model 1, we adjusted for the age at diabetes diagnosis, and in Model 2, we adjusted for
diabetes duration to understand how these risk factors influence ESRD outcomes.
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Outcomes Risk factors Age Odds ratio | 95% CI p-value
<20 5.26 3.00-9.40 | <0.001
Diabetes diagnosis age (years) 20-40 | 7.78 4.81-13.16 | <0.001
ESRD 41-60 | 2.33 1.50-3.84 | <0.001
(Reference > 60 years) <20 |220 1.58-3.11 | <0.001
Hypertension diagnosis age (years) | 20 - 40 | 5.03 3.79-6.81 | <0.001
41-60 | 1.53 1.16 -2.06 | <0.001
<20 1.21 1.00-1.46 | 0.044
&aabrz;es diagnosis age 20-40 | 1.01 0.85-1.19 | 0.875
Angina >60 | 113 1.00-1.27 | 0.041
(Reference 41 - 60 years) <20 1.05 0.96-1.14 |0.239
Hypertension diagnosis age (years) | 20 - 40 | 0.90 0.84-0.98 |0.011
>60 1.00 0.93-1.09 |[0911
<20 1.14 0.90-1.44 |0.254
Diabetes diagnosis age (years) 41—60 | 1.10 0.93-129 |0.260
Myocardial infarction >60 | 1.23 1.03-148 |0.021
(Reference 20-40 years) <20 | 1.08 097 -1.19 | 0.171
Hypertension diagnosis age (years) | 41—60 | 1.08 1.00 - 1.16 | 0.050
>60 0.88 0.79-0.97 |0.014
<20 1.09 0.80-1.46 |0.571
?Yi:abr‘;;es diagnosis age 20-40 | 1.12 0.87-143 | 0353
Stroke >60 | L10 092-1.32 | 0292
(Reference 41 - 60 years) <20 | 0.96 0.86 - 1.09 | 0.599
Hypertension diagnosis age (years) 20-40 | 0.84 0.76 - 0.94 | 0.004
>60 1.16 1.04-1.28 | 0.002

Table 2. Univariable unadjusted logistic regression model (Bold italic - statistical significance).

Model 1

In model 1, when age, sex and albuminuria were adjusted, the odds of ESRD compared to those who were
diagnosed with diabetes above the age of 60, those who were diagnosed <20, 20 to 40, and 41 to 60 were 4.71
(95% CI2.47 - 9.28), 4.67 (95% CI 2.63 - 8.78), 1.94 (95% CI 1.16 - 3.49), respectively. Compared to people with
normoalbuminuria, the odds of ESRD in those with microalbuminuria and macroalbuminuria were 3.15 (95%
CI, 2.09-4.86) and 25.03 (95% CI, 16.73-38.41), respectively. There was no statistically significant difference in
the odds between males and females. (Table 3).

Model 2

Model 2 showed that diabetes duration is also associated with an increased risk of ESRD. The odds of ESRD
were increased with a longer duration of diabetes 1.02 (95% CI 1.01 - 1.03). Similarly, compared to those with
normoalbuminuria, the odds of ESRD in those with microalbuminuria were 3.23 (95% CI, 2.14-4.98), and those
with macroalbuminuria were 27.22 (95% CI, 18.22-41.74). There was no statistically significant relationship
between gender and the risk of ESRD.

ESRD, diabetes diagnosis age and diabetes duration—model performance and validation
Discrimination

Both models demonstrated excellent model performance, with the area under the curve (AUC) above 80%.
The concordance statistics for model 1 was 81%, and model 2 was 82%, suggesting the model’s performance in
predicting true positive cases of ESRD. (Fig. 5).

Calibration

The calibration plots show the reliability of both models in predicting ESRD. The alignment of observed
proportions with predicted probabilities indicates robust model performance, supporting their use in clinical
decision-making processes. (Fig. 6).

Sensitivity analyses

In this sensitivity analysis, we excluded individuals who reported developing diabetes at a younger age than
20 years. This analysis aimed to elucidate the model’s performance in individuals with a diabetes diagnosis
between 20 and 40 years old and between 41 and 60 years old. After excluding people who developed diabetes
before age 20, the model showed a significant link between developing diabetes at ages 20-40 or 41-60 years
(compared to after age 60 years) and the risk of end-stage kidney disease. (Table 4).
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Outcomes Diabetes and hypertension status Odds ratio | 95% CI p-value
Diagnosis age <20 vs.> 60 years 4.71 2.47 -9.28 <0.001
Diagnosis age 20 — 40 vs.> 60 years 4.67 2.63-8.78 <0.001
Diagnosis age 41 - 60 vs. > 60 years 1.94 1.16 - 3.49 0.017
Diabetes
Male vs. female 091 0.66 - 1.29 0.605
Microalbuminuria vs. normoalbuminuria | 3.15 2.09 - 4.86 <0.001
ESRD Macroalbuminuria vs. normoalbuminuria | 25.03 16.73 - 38.41 | <0.001
Diagnosis age <20 vs.> 60 years 2.51 1.68 - 3.83 <0.001
Diagnosis age 20 — 40 vs.> 60 years 4.69 3.31-6.86 <0.001
Diagnosis age 41 - 60 vs. > 60 years 1.49 1.06 - 2.16 0.029
Hypertension
Male vs. female 1.23 1.03 -1.47 0.024
Microalbuminuria vs. normoalbuminuria | 3.87 3.14 -4.77 <0.001
Macroalbuminuria vs. normoalbuminuria | 35.65 28.74 - 44.36 | <0.001
Diagnosis age <20 vs. 20 - 40 years 1.14 0.84 - 1.52 0.393
Diagnosis age 41—60 vs. 20 - 40 years 0.72 0.72 - 1.08 0.226
Diagnosis age > 60 vs. 20 — 40 years 1.05 0.84-1.33 0.649
Diabetes
Male vs. female 2.95 2.50 - 3.49 <0.001
Microalbuminuria vs. normoalbuminuria | 1.24 1.09 - 141 <0.001
Macroalbuminuria vs. normoalbuminuria | 1.42 1.14-1.76 <0.001
Myocardial infarction
Diagnosis age <20 vs.> 60 years 1.87 1.58-2.23 <0.001
Diagnosis age 20 - 40 vs. > 60 years 1.30 1.10 - 1.53 0.001
Diagnosis age 41 — 60 vs.>60 years 1.34 1.18 - 1.54 <0.001
Hypertension
Male vs. female 3.78 1.32-1.56 <0.001
Microalbuminuria vs. normoalbuminuria | 1.44 1.32-1.56 <0.001
Macroalbuminuria vs. normoalbuminuria | 2.00 1.70 - 2.36 <0.001
Diagnosis age <20 vs. 41 - 60 years 1.15 0.88 - 1.47 0.291
Diagnosis age 20 - 40 vs. 41 - 60 years 0.92 0.73 - 1.15 0.484
Diagnosis age > 60 vs. 41 - 60 years 1.12 0.95-1.31 0.168
Diabetes
Male vs. female 1.13 0.98 - 1.31 0.085
Microalbuminuria vs. normoalbuminuria | 1.06 093-1.21 0.373
Macroalbuminuria vs. normoalbuminuria | 1.47 1.16 - 1.83 <0.001
Angina
Diagnosis age < 20 vs. 41 — 60 years 1.13 1.00 - 1.29 0.052
Diagnosis age 20 - 40 vs. 41 - 60 years 0.98 0.88 - 1.10 0.796
Diagnosis age >60 vs. 41 - 60 years 1.02 0.90 - 1.14 0.793
Hypertension
Male vs. female 1.39 1.28 - 1.51 <0.001
Microalbuminuria vs. normoalbuminuria | 1.12 1.03-1.22 0.008
Macroalbuminuria vs. normoalbuminuria | 1.80 1.51-2.12 <0.001
Diagnosis age <20 vs. 41 - 60 years 1.22 0.83-1.73 0.287
Diagnosis age 20 - 40 vs. 41 - 60 years 1.02 0.73 - 1.40 0.880
Diagnosis age >60 vs. 41 - 60 years 1.01 0.78 - 1.28 0.944
Diabetes
Male vs female 0.96 0.78 - 1.18 0.675
Microalbuminuria vs. normoalbuminuria | 1.06 0.87 - 1.29 0.561
Strok Macroalbuminuria vs. normoalbuminuria | 1.28 0.89 - 1.79 0.164
roke
Diagnosis age < 20 vs. 41 - 60 years 1.12 0.94-1.33 0.200
Diagnosis age 20 — 40 vs. 41 - 60 years 0.92 0.79 - 1.08 0.323
Diagnosis age >60 vs. 41 - 60 years 1.02 0.86 - 1.19 0.808
Hypertension
Male vs female 1.26 1.13-1.47 <0.001
Microalbuminuria vs. normoalbuminuria | 1.31 1.17 - 1.47 <0.001
Macroalbuminuria vs. normoalbuminuria | 1.68 1.30-2.12 <0.001

Table 3. Adjusted multivariable logistic regression model for ESRD, CVD and stroke adjusted for diabetes and
hypertension diagnoses, ages, sex and albuminuria (Bold italic - statistical significance).
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proportion of 10 bins, blue dotted line - mean predicted probability).
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Diabetes diagnosis age | Comparison | Odds ratio | 95% CI p-value
20—40 >60 years 7.78 4.81-13.16 | <0.001
41 -60 >60 years 2.33 1.50 - 3.84 | <0.001

Table 4. Sensitivity analysis after excluding people <20 years of age.

Diabetes diagnosis age | Comparison | Odds ratio | 95% CI p-value
<20 years >60 years 4.97 2.38-10.73 | <0.001
20 - 40 years >60 years 8.41 4.59 - 16.66 | <0.001
41 - 60 years >60 years 2.78 1.60 - 5.33 | <0.001

Table 5. Sensitivity analysis after excluding female participants.

A further sensitivity analysis was conducted to examine model performance by excluding females from the
model. It also demonstrated strong model performance and predictive value of the age of diabetes diagnosis
concerning ESRD outcome. (Table 5).

Missing data and adherence to the assumptions of logistic regression
Missing data were analysed using the Multiple Imputation of Chained Equations (MICE), as plotted in
Supplementary Material 2 (Fig. 17). This analysis indicated that data were likely to be missing randomly rather
than systematically.

Logistic regression assumptions were examined for the independence of observation using Durbin-Watson
test) and multicollinearity by Variance Inflation Factor (VIF). Both tests showed the models satisfied the
assumptions (Supplementary Materials 3).

Discussion

In this large prospective cohort of UK Biobank study participants, we found that people with younger onset
and longer duration of diabetes are more likely to develop ESRD than MI, angina or stroke. They are also more
likely to develop ESRD at a younger age than those who developed the condition at an older age with a shorter
duration of diabetes. Moreover, for those with a dual diagnosis of diabetes and hypertension, irrespective of
the age of diabetes diagnosis, younger age of hypertension diagnosis age was a risk factor for ESRD and MI,
but not for stroke and angina. Although we could not differentiate between the types of diabetes from the
questionnaire, we carried out a sensitivity analysis excluding people who developed diabetes below the age of
20, which virtually removed people with type 1 diabetes mellitus (T1IDM). Additionally, we carried out further
sensitivity analysis excluding females from the cohort. Both sensitivity analyses confirmed the higher risk of
ESRD in individuals who develop diabetes below the age of 40. Albuminuria is consistently associated with
ESRD, CVD, angina and stroke outcomes, which is in keeping with previous studies?®*. This study found that
current smokers who began smoking before age 20 showed a steady (monophasic) rise in UAC. In contrast, ex-
smokers exhibited multiple peaks and troughs. While the exact cause is unclear, this pattern may reflect repeated
quit attempts or weight gain after stopping smoking. Interestingly, there has been a gender variation in the age of
ESRD onset based on diabetes and hypertension diagnosis age. Females with younger onset diabetes and males
with younger onset hypertension developed ESRD early. The precise cause for these observations is unknown
and needs further research.

A higher risk of mortality and vascular complications in young-onset T2DM has been described in multiple
previous studies. A recently published 30-year follow-up analysis of the United Kingdom Prospective Diabetes
Study (UKPDS) showed that the standardised mortality rate in young-onset type 2 diabetes mellitus (T2DM)
(<40 years) was 3.72 (2.98-4.64), compared to older onset (= 40 years), 1.54 (1.47-1.61)*. Similarly, the incidence
of both micro- and macrovascular complications was reported to be higher in young-onset than older onset
T2DM?>*2 In the USA, the Treatment Options for Type 2 Diabetes and Adolescents and Youth (TODAY) study
group has shown early onset and rapid progression of micro- and macrovascular complications in younger-
onset T2DM, compared to older onset®®. Earlier onset of vascular complications in young-onset T2DM patients,
compared to the older-onset, is also reported in other studies®*. The novelty of this study is it explored that ESRD
risk in individuals with young-onset diabetes is greater than CVD, angina and stroke, and they may develop it
earlier than individuals with older onset. These findings have significant clinical and public health implications.

Traditionally, people with T2DM died of CVD and stroke, and therefore, the focus of management was to
prevent these complications. However, due to the massive rise in the younger onset of T2DM, people are now
living longer and developing DKD at an early age, progressing to ESRD and requiring RRT for an extended
period. With the advent of novel pharmacotherapies, such as glucagon-like peptide 1 (GLP-1) analogues,
sodium-glucose cotransporter 2 (SGLT-2) inhibitors, and dipeptidyl peptidase 4 (DPP-4) inhibitors, overall
vascular complications and glycaemic control have improved. These drugs exert cardioprotective and reno-
protective effects in addition to their glucose-lowering properties®. In the UK, the National Institute for Health
and Care Excellence (NICE) has recommended SGLT-2 inhibitors in people with microalbuminuria and heart
failure even without T2DM?*.
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While these drugs are routinely used in older-onset T2DM, they are underutilised in young-onset T2DM,
primarily due to suboptimal glucose-lowering action®’. This disparity in the glycaemic management strategy
may explain the recent surge in younger people developing DKD and ESRD. They are often treated with
insulin at an early stage, which may help to achieve euglycaemia but may exacerbate vascular complications,
particularly microvascular complications, due to insulin-induced frequent glycaemic oscillation leading to
oxidative stress®*. Clinical care pathways and public health policy should consider optimising management of
risk factors for the emerging problem of ESRD in younger people with T2DM.

Genotypically and phenotypically, young-onset type 2 diabetes mellitus (T2DM) is a distinct metabolic
dysfunction and warrants a targeted management strategy than older onset disease. In contrast to a metabolic
disorder initiated and maintained by insulin resistance in adult-onset T2DM, young-onset T2DM is a 3-cell
dysfunction with a complex inheritance pattern, compounded by possible de novo mutation due to epigenetic
factors®. A single gene mutation can disrupt glucose sensing, insulin transcription, the K, , channel for
insulin release, hepatic glycogenesis and neo-glucogenesis, skeletal muscle uptake of glucose and pancreatic
development*’. One of the rare variants of young-onset T2DM is Maturity Onset Diabetes of the Young
(MODY), an autosomal recessive condition, which is frequently misdiagnosed and mistreated*. The treatment
of different types of young-onset T2DM needs a precision medicine approach, as different variant needs
different therapeutic strategies*?. To achieve this objective, it is necessary to develop a risk prediction model that
incorporates genotypic, phenotypic, cardiometabolic, and multi-omics data, which can be used at the primary
care level.

The strength of this study lies in its large dataset, which encompasses a diverse range of study participants,
and its novel stratified analysis. The areas under the curve above 80% for the age of diabetes diagnosis and
duration of diabetes indicate excellent discriminatory power between those who developed ESRD compared
to those who did not. Similarly, the calibration plot confirmed good fitness. However, this study has several
limitations. We used the questionnaire filled out by the study participants to identify cases of diabetes. It did
not specify the type of diabetes. Therefore, we cannot comment on the number of type 1 and type 2 diabetes
mellitus (DM) included in the study. However, as the number of people reported to be on insulin was 2247, the
number of T1DM cases is unlikely to exceed 8.3%, which is in line with the estimated prevalence of 8% published
by Diabetes UK in 202243, Furthermore, to address this limitation, we have conducted a sensitivity analysis by
excluding those who developed diabetes below the age of 20 years, which reduces the chance of including people
with T1DM in our models.

The study was a retrospective cohort design with limited predictive value. The age of diagnosis of diabetes
and ESRD was obtained from the questionnaire and was not verified, which is open to recall bias. UK Biobank is
a voluntary dataset and is not representative of real-world data; therefore, the findings may not be generalisable.
Almost 94% of the UK Biobank study participants are from a white ethnic background, further limiting
generalisability. Similarly, individuals from lower socioeconomic backgrounds were underrepresented in the
study cohort. The findings of this study require validation using real-world, nationally representative data before
being incorporated into national public health policy guidelines.

Despite the above limitations, the findings of this study indicate that the changing T2DM epidemiology may
be affecting ESRD outcomes more disparately than CVD and stroke outcomes, which is of great clinical and
public health importance.

The key message is that young-onset T2DM represents a distinct genetic and clinical profile compared
to adult-onset T2DM. Given their higher risk of developing ESRD, early screening in this group may aid in
timely detection. The rising prevalence of young-onset T2DM could be contributing to the increasing burden
of ESRD in middle-aged adults. Developing a risk prediction model that integrates genetic and cardiometabolic
biomarkers may help identify high-risk individuals early in the disease course.

Conclusion

Younger onset diabetes and hypertension may be the driver behind the recent surge in ESRD cases. They are
more likely to develop it at a younger age, requiring RRT for a longer duration. It can also put enormous pressure
on the healthcare budget and loss of productivity. Factors that predispose to young-onset diabetes should be
identified and managed as a global priority.

Data availability

UK Biobank data is publicly available and can be obtained by application (www.ukbiobank.ac.uk). This is an
open-access article distributed with the Creative Commons Attribution (CC BY) license, which permits others
to copy, redistribute, remix, transform and build upon this work for any purpose, provided the original work is
properly cited, a link to the license is given, and an indication of whether changes were made. https://creativeco
mmons.org/licenses/by/4.0/.
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