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Abstract 26 

Background: We report the first study to estimate the socioeconomic gap in period life 27 

expectancy (LE) and life years spent with and without complications in a national cohort of 28 

individuals with type 1 diabetes. 29 

Methods: This retrospective cohort study used linked healthcare records from SCI-Diabetes, the 30 

population-based diabetes register of Scotland. We studied all individuals aged 50 and older 31 

with a diagnosis of type 1 diabetes who were alive and residing in Scotland on 1 January 2013 32 

(N=8591). We used the Scottish Index of Multiple Deprivation (SIMD) 2016 as an area-based 33 

measure of socioeconomic deprivation. For each individual, we constructed a history of 34 

transitions by capturing whether individuals developed retinopathy/maculopathy, 35 

cardiovascular disease, chronic kidney disease, and diabetic foot, or died throughout the study 36 

period, which lasted until 31 December 2018. Using parametric multistate survival models, we 37 

estimated total and state-specific LE at an attained age of 50. 38 

Results: At age 50, remaining LE was 22.2 years (95% confidence interval (95% CI): 21.6-22.8) 39 

for males and 25.1 years (95% CI: 24.4-25.9) for females. Remaining LE at age 50 was around 8 40 

years lower among the most deprived SIMD quintile when compared with the least deprived 41 

SIMD quintile: 18.7 years (95% CI: 17.5-19.9) vs. 26.3 years (95% CI: 24.5-28.1) among males, 42 

and 21.2 years (95% CI: 19.7-22.7) vs. 29.3 years (95% CI: 27.5-31.1) among females. The gap 43 

in life years spent without complications was around 5 years between the most and the least 44 

deprived SIMD quintile: 4.9 years (95% CI: 3.6-6.1) vs. 9.3 years (95% CI: 7.5-11.1) among 45 

males, and 5.3 years (95% CI: 3.7-6.9) vs. 10.3 years (95% CI: 8.3-12.3) among females. SIMD 46 

differences in transition rates decreased marginally when controlling for time-updated 47 

information on risk factors such as HbA1c, blood pressure, BMI, or smoking. 48 

Conclusions: In addition to societal interventions, tailored support to reduce the impact of 49 

diabetes is needed for individuals from low socioeconomic backgrounds, including access to 50 

innovations in management of diabetes and the prevention of complications. 51 
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Abbreviations 52 

AIC - Akaike information criterion 53 

CHI-Number - Community Health Index - Number 54 

CKD - chronic kidney disease 55 

CVD - cardiovascular disease 56 

CKD-EPI - Chronic Kidney Disease Epidemiology Collaboration 57 

DKA - diabetic ketoacidosis 58 

eGFR - estimated glomerular filtration rate 59 

HR - Hazard Ratio 60 

KDIQO - Kidney Disease: Improving Global Outcomes 61 

LE - life expectancy 62 

ISD - Information Services Division 63 

NHS - National Health Service 64 

NRS - National Records of Scotland 65 

PY - person-years 66 

SCI-Diabetes Database - Scottish Care Information-Diabetes Database 67 

SIMD - Scottish Index of Multiple Deprivation  68 
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Introduction 69 

Socioeconomic inequality is one of the most important factors shaping health and mortality 70 

outcomes among general populations [1] and among populations with type 1 diabetes [2]. 71 

Addressing socioeconomic inequalities in health and mortality among individuals with type 1 72 

diabetes has been identified as one of the key priorities for diabetes care in a number of 73 

Western countries [3,4], including Scotland [5]. 74 

In Scotland, a large socioeconomic gap has been reported for all-cause mortality [6], and with 75 

respect to all-cause mortality before age 50 [7] for the population with type 1 diabetes. 76 

Socioeconomic differences have also been identified regarding the management of type 1 77 

diabetes, such as glucose control [8,9] and complications, including the prevalence of diabetic 78 

neuropathy [10] and diabetic retinopathy [11]. The Scottish Government’s most recent 79 

Diabetes Improvement Plan (2021-2026) stated that addressing the challenges associated with 80 

socioeconomic inequalities in access to care and health outcomes among the population with 81 

type 1 diabetes needs to be a priority [5]. To date, the magnitude of socioeconomic differences 82 

in period life expectancy (LE) and health adjusted LE for the population with type 1 diabetes in 83 

Scotland remains unknown. 84 

LE is a cross-sectional summary measure of age-specific mortality rates. It is based on the 85 

assumption that a hypothetical cohort will be exposed to the age-specific mortality rates that 86 

were observed at one particular point in time within the population (LE) [12]. Due to its cross-87 

sectional character and implicit age-standardization, LE estimates are widely available and 88 

commonly used to monitor socioeconomic inequalities in mortality and health [13]. 89 

Estimates of LE are available populations with type 1 diabetes in several countries [14–16]. 90 

Using data from the Australian diabetes register, Huo et al. (2016) showed that LE at age 20 was 91 

47.6 years for males and 51.5 years for females in the period 1997-2010 [15]. In a previous 92 

study for the Scottish population with type 1 diabetes, LE at age 20 was 46.2 years for males 93 

and 48.1 years for females in the period 2008-2010 [16]. Based on data from the Swedish 94 

National Diabetes Register, Petrie et al. (2016) estimated changes in LE. For people with type 1 95 
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diabetes in Sweden, LE at age 20 increased between the period 2002-2006 and the period 96 

2007-2011 from 47.7 to 49.8 years for males and from 51.7 to 51.9 years for females [14]. All of 97 

these studies provided important insights into the levels of LE among the population with type 98 

1 diabetes. These studies also estimated the loss in LE due to type 1 diabetes by making 99 

comparisons with LE estimates for the corresponding general populations. None of these 100 

studies quantified differences in life expectancy between socioeconomic groups for the 101 

population with type 1 diabetes. 102 

When combined with health information, LE can be separated into years spent with and 103 

without certain complications to measure health-adjusted LE. Health-adjusted LE can provide a 104 

better reflection of the excess burden of ill health experienced by particular populations than 105 

studying only LE [17]. Very little is known about socioeconomic inequalities in health-adjusted 106 

LE for populations with type 1 diabetes. Previous real-world evidence comes from a small 107 

number of studies which focused on individuals with type 1 and type 2 diabetes in combination 108 

[18,19]. In addition, a number of simulation studies identified particular risk-factors for disease 109 

progression and mortality. Using clinical trial data, these studies have provided evidence on the 110 

potential impact changes to treatment regimen may have on health-adjusted life years for 111 

individuals with type 1 diabetes [20–22]. To date no study has examined socioeconomic 112 

inequalities in health-adjusted LE for a real-world population with type 1 diabetes. 113 

The goal of this retrospective cohort study was to estimate LE for males and females of the 114 

Scottish population with type 1 diabetes at age 50 for different socioeconomic groups and to 115 

estimate how many subsequent years of life were spent with and without the most common 116 

complications of diabetes. We calculated LE and health-adjusted LE for the period 2013-2018 to 117 

provide the most recent estimates. We expected that the general patterns in LE and health-118 

adjusted LE among the population with type 1 diabetes would mirror the most common 119 

patterns observed among the general population. We hypothesized that LE would be higher 120 

among females than males with type 1 diabetes. Mirroring patterns in the general Scottish 121 

population, we expected to observe a large socioeconomic gap in LE and health-adjusted LE 122 

among the population with type 1 diabetes. We anticipated that the most socioeconomically 123 

deprived group would have a double disadvantage: the lowest LE and lowest health-adjusted 124 
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LE. This would mean that, on average, individuals with type 1 diabetes from the most deprived 125 

group live the shortest lives and spend the most years living with complications of diabetes. 126 

Materials and methods 127 

Data 128 

We used routinely collected, electronic healthcare records extracted from the Scottish Care 129 

Information-Diabetes (SCI-Diabetes) database. This database is a nationwide diabetes register 130 

for Scotland and covers >> 99% of all individuals who were assigned a diagnosis of type 1 or 131 

type 2 diabetes in primary or secondary care in Scotland [9]. Since 2004, the database has had 132 

nationwide coverage. The Information Services Division (ISD) of the National Health Service 133 

(NHS) in Scotland used the Community Health Index (CHI) Number, a unique personal 134 

identification number, to link data from the SCI-Diabetes database with information on hospital 135 

admissions and date and cause of death, provided by National Records of Scotland (NRS). 136 

We utilized an algorithm to identify individuals with type 1 diabetes in the SCI-Diabetes 137 

database. This algorithm is based on age, drug prescriptions, and clinical information on the 138 

type of diabetes [9]. The algorithm has additional features to ensure that prescription histories 139 

don't contradict the clinical information (for example to rule out a lengthy period of diabetes 140 

before insulin and no co-prescribing of non-metformin oral diabetes drugs [23]. 141 

Data acquisition, data linkage, and the type-of-diabetes algorithm have been described in more 142 

detail in previous papers [16,23,24]. 143 

Ethics approval 144 

Data and data linkage were set up with approval from the Scottish A Research Ethics 145 

Committee (ref 11/AL/0225), Caldicott Guardians and the Privacy Advisory Committee (PAC - 146 

ref 33/11), now running with approval from the Public Benefit and Privacy Panel for Health and 147 

Social Care (PBPP - reference 1617-0147). 148 
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Study population 149 

We defined the study population as all individuals aged 50 and older with a diagnosis of type 1 150 

diabetes, who were alive and residing in Scotland on 01 January 2013, and who were 151 

observable for more than 30 consecutive days (N= 8627). For this study population, 152 

sociodemographic data and information on health status were obtained and continuously 153 

updated using a long-format survival table capturing 30-day slices of time. The longitudinal 154 

healthcare records were sliced every 30 days for each individual [25]. Individuals contributed 155 

data to the follow-up starting on 01 January 2013 and were censored in case they became 156 

unobservable during the follow-up period or in case they were alive on 31 December 2018. 157 

To determine an accurate health status for individuals at study entry, we utilized all available 158 

information prior to study entry. For this purpose, we were able to use existing data with 159 

nationwide coverage reaching back to 2004. For some individuals, data and retrospective 160 

information were available for years prior to 2004. An overview of these periods is provided in 161 

Fig 1 - Panel (A). 162 

 163 

Fig 1: Overview of the study design. Panel (A) illustrates the captured study period and the 164 

preceding period to obtain an exact health status at study entry on 01 January 2013. Panel (B) 165 

shows how the five mutually exclusive health states - four transient states and one absorbing 166 

state - were connected via seven distinct transitions. 167 

 168 

Definition of covariates and complications 169 

For each individual, we obtained information on sex, age, and socioeconomic deprivation. To 170 

capture socioeconomic deprivation, we utilized the Scottish Index of Multiple Deprivation 2016 171 

(SIMD 2016) [26]. The SIMD is an area-level index created by the Scottish Government. The 172 

SIMD captures area-level deprivation across multiple aspects, including unemployment, 173 

income, education, and crime rates of the data zone where an individual’s place of usual 174 
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residence is [26]. The grouping into quintiles was carried out by the Scottish Government and is 175 

based on a ranking of all 6,976 territorial data zones in Scotland, with each data zone reflecting 176 

a population size of approximately 700 people. In line with recommendations by ISD for the 177 

correct use of the SIMD, we used the SIMD 2016 release consistently throughout the study 178 

period. As we used one SIMD release consistently throughout the study period, there were no 179 

changes in SIMD quintile for the studied individuals. 180 

We obtained information on four diabetes-related complications: retinopathy/maculopathy, 181 

cardiovascular disease (CVD), chronic kidney disease (CKD), and diabetic foot. For each 182 

condition, we used a binary code to indicate whether individuals developed a condition within 183 

any 30-day time slice. Individuals could accumulate complications but once a complication was 184 

diagnosed, we assumed it to be irreversible. For each individual, we counted the total number 185 

of complications within each 30-day slice of time. We also captured all-cause mortality. 186 

A detailed overview of the definitions of each complication is presented in S1 Table. 187 

Information on retinopathy/maculopathy were obtained from routine eye screening data and 188 

classified based on the worst score of either the left or the right eye. We classified people 189 

based on whether they had sufficient retinal changes to warrant eye clinic referral. 190 

Incident CVD was defined as a hospital discharge with ICD-9/10 codes for ischemic heart 191 

disease, cerebrovascular disease, hypertension, heart failure, cardiac arrhythmia, myocardial 192 

infarction, transient ischemic attack, or peripheral arterial disease as a primary or secondary 193 

diagnosis.  194 

The presence of diabetic foot was defined based on the results of diabetic foot risk screenings. 195 

We classified individuals as having developed a diabetic foot if either foot was denoted as 196 

having a high risk or if active ulcers or amputations were present.  197 

The Kidney Disease: Improving Global Outcomes (KDIQO) Clinical Practice Guideline for 198 

Diabetes Management in Chronic Kidney Disease defines CKD as abnormalities of kidney 199 

structure or function, present for >3 months, with implications for health [27]. Given the 200 

importance of albuminuria in predicting a more rapid renal function decline at any eGFR level 201 
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CKD is further classified based on Cause, GFR category (G1–G5), and Albuminuria category (A1–202 

A3). Here for simplicity, we define CKD as ever had a record of an estimated glomerular 203 

filtration rate (eGFR) of < 60 mL/min/1.73 m^2 or being in receipt of renal replacement therapy 204 

(i.e., KDIQO G3a or worse).  We did not require the presence of albuminuria, but we provide 205 

data on the coexistence of albuminuria in the results section. Transient acute falls in eGFR were 206 

not included as CKD. All values for eGFR are based on the equation provided by the Chronic 207 

Kidney Disease Epidemiology Collaboration (CKD-EPI) using serum creatinine [28]. 208 

Missing information on individual's characteristics and health measures at study entry were 209 

imputed using multiple imputation provided in the R-package Amelia II [29]. To increase the 210 

accuracy of imputation, we used longitudinal information on HbA1c, total cholesterol, high-211 

density lipoprotein-cholesterol, low-density lipoprotein-cholesterol, systolic blood-pressure, 212 

diastolic blood pressure, BMI, smoking status, as well as information on previous hospital 213 

admissions for diabetic ketoacidosis (DKA) and hypoglycemia. An overview of the share of 214 

missing information at time of study entry is presented in S2 Table. 215 

Multistate approach 216 

The multistate approach in this study was conceptualized to capture the number of years lived 217 

in disease states for broad population subgroups. Similar designs have previously been used in 218 

studies of multimorbidity for general populations [30]. For our study population, we 219 

constructed a history of transitions between five mutually exclusive states by capturing 220 

whether individuals developed new complications or died. An overview of the state space and 221 

all seven distinct transitions is provided in Fig 1 - Panel (B). 222 

The state space included the four transient states 'no complications' (state 1), '1 complication' 223 

(state 2), '2 complications' (state 3), '3 or more complications' (state 4), and one absorbing state 224 

'death' (state 5). Depending on the number of complications at time of study entry, individuals 225 

started either in the state of ‘no complication’ (state 1), ‘1 complication’ (state 2), ‘2 226 

complications’ (state 3), or ‘3+ complications’ (state 4). In addition to the defined state space, 227 

Fig 1 - Panel (B) illustrates all allowed transitions. Individuals could remain in the current state, 228 
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transition either one state up, or transition into the absorbing state 'death' throughout the 229 

follow-up period. 230 

Transitions back to previous states were not allowed. We assumed that the onset of 231 

complications and the process of accumulating complications was an irreversible process. In 232 

addition, we did not allow transitions that directly skipped one or more transient states within 233 

one 30-day slice of time. This means that we did not allow the following transitions: ‘no 234 

complication’ to ‘2 complications’ (from state 1 to state 3), ‘no complications’ to ‘3+ 235 

complications’ (from state 1 to state 4), and from ‘1 complication’ to ‘3+ complications’ (state 2 236 

to state 4). Out of all 8627 individuals, we only observed a total number of 36 individuals who 237 

ever transitioned two transient states, while no individuals transitioned three transient states 238 

within one 30-day time slice. As these transitions were very rare events, we excluded the 239 

affected individuals. This determined the final size of the study population of N = 8591 240 

individuals. 241 

Estimation of transition-specific models 242 

We used a continuous time Markovian multistate approach and modelled seven transitions 243 

between five states [31]. For model estimation, we modified the data as follows. We captured 244 

the time of transitions using age as a time scale and setting age 50 as time point 0. All models 245 

were estimated separately for each transition to ensure the best possible fit. 246 

For the main results, we estimated two sets of seven parametric models. Two distinct sets of 247 

models were required to obtain estimates for two different sets of strata: (1) sex, and (2) sex 248 

and SIMD quintile. Within each set, all models have an identical functional form for every 249 

transition. An overview of the functional form of all models used for the main analysis is given 250 

in S3 Table. 251 

The first set of models included only the covariate 'sex' to derive LE and health-adjusted LE 252 

estimates for all males and all females, not considering their SIMD quintile. The second set 253 

included the covariates 'sex' and 'SIMD quintile' to derive estimates for males and females from 254 
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the five SIMD quintiles. For all models, we utilized a Gompertz distribution as this distribution 255 

consistently minimized the respective Akaike information criterion (AIC). 256 

For the second set of models, we examined the impact of an interaction effect between sex and 257 

SIMD quintile. The interaction effect did not improve the fit of any of the seven models of the 258 

second set. We therefore used the functional form 'sex + SIMD quintile' consistently for all 259 

seven transitions of set two. 260 

Estimation of life expectancy and health-adjusted life expectancy 261 

In a multistate survival model, total LE is defined as the sum of all state specific LEs, not 262 

considering years spent in the absorbing state [32]. State-specific LEs are independent of the 263 

start state and quantify the expected time spent in a state by a member of this population. This 264 

accounts for the fact that not all members of the population start in the same state. In this 265 

study, we focused on total and state-specific LE at 50 years of age and assumed age 110 to be 266 

the maximum life span of individuals. We followed standard methodology to derive LE 267 

estimates from a multistate survival model (for example: [30,32,33]). 268 

We first predicted start-state-specific probabilities of state occupancy, over age, for all unique 269 

combinations of covariates using each set of transition-specific models (see S3 Table for sets). 270 

From these probabilities we estimated start-state-specific LE, by summing up the respective 271 

probabilities over age. 272 

We then weighted these start-state-specific LE estimates with the distribution of states at age 273 

50 at the start of the study period ("weights"). These weights w~j can be directly interpreted as 274 

the prevalence of individuals with no, 1, 2 and 3+ complications at an average age of 50 on 01 275 

January 2013 [32]. In order to obtain these weights for all relevant strata, we identified all 276 

individuals in the SCI diabetes database who were aged 45-54 years on 01 January 2013 to 277 

include in this distribution of start states to reduce random fluctuations due to low numbers. 278 

This meant that the average age of individuals used for the estimation of weights was age 50. 279 

While individuals aged 50-54 years were part of the actual study population, individuals aged 280 

45-49 years were not. An overview of all utilized weights is presented in S4 Table. 281 
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LE at age 50 was then calculated as LE(50) = Σ j LE(50,j) * wj(45-54), where LE(50,j) represents 282 

the start-state specific LE of state j and wj(45-54) denotes the weight of state j. 283 

We obtained 95% confidence intervals (95% CI) for all total and state-specific LE estimates using 284 

bootstrapping, by repeating the following steps 300 times. First, we drew a random sample 285 

from our study population, which was of the same size as our study population, using sampling 286 

with replacement. Second, we re-ran all analyses to estimate all total and state-specific LE. 287 

Third, we calculated standard errors for the 300 total and state-specific LEs which we used to 288 

calculate 95% CIs. 289 

Data preparation and data analysis were carried out with R (Version 3.6.0) [34]. We used the R-290 

package flexsurv [35] to estimate parametric Markov multistate survival models and to predict 291 

start-state-specific probabilities of state occupancy. A detailed example documenting our 292 

calculations is presented in S-1 Text.  293 

Sensitivity analyses 294 

In a sensitivity analysis we validated all LE estimates derived from our multistate models with 295 

two alternative approaches. We compared the multistate model estimates for LE with LE 296 

estimates obtained using a life table approach [36] and a parametric two-state Gompertz 297 

survival model [37]. This sensitivity analysis is the best-practice approach for validating the 298 

reliability of LE estimates obtained from multistate survival models [30,38]. 299 

It is possible that differences in transition rates across SIMD quintiles were entirely driven by 300 

differences in the underlying distribution of health risk factors. In a further sensitivity analysis, 301 

we estimated a third set of models which included time-updated and mean-centered 302 

information on a number of health risk indicators, including HbA1c, total cholesterol, high-303 

density lipoprotein-cholesterol, low-density lipoprotein-cholesterol, systolic blood-pressure, 304 

diastolic blood pressure, BMI, and information on smoking status. Parametric Gompertz 305 

survival models allow the covariate effect to be interpreted as a Hazard Ratio (HR). Therefore, 306 

we compared the HRs for sex and SIMD quintile from the second set of models with the HRs 307 

from this third set of sensitivity models.  308 
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Results 309 

Overview of the study population 310 

Table 1 provides an overview of the study population at study entry. We studied 4754 (55.3%) 311 

males and 3837 (44.7%) females with type 1 diabetes aged 50 and older on 01 January 2013. 312 

At study entry, individuals had a median age of 59.6 (𝐼𝑄𝑅: 54.3 66.9) years and a median 313 

diabetes duration of 27.0 (𝐼𝑄𝑅: 17.4 38.0) years. The median followed up time was 6.0 314 

(𝐼𝑄𝑅: 6.0 6.0) years. 315 

 316 

Table 1: Characteristics of the study population of people with type 1 diabetes aged 50 and 317 

older in Scotland at study entry on 1st January 2013. Note: * Out of all 8,591 individuals, 318 

6,769 individuals were followed for the entire 6-year period. The corresponding mean follow-319 

up period was 5.4 (SD: 1.5) years. Out of all 1,822 individuals which were not observed for the 320 

entire 6-year period, 1495 individuals died during the follow up, and 327 individuals were 321 

censored as they became unobservable for other caused than death, such as out-migration.  322 

Summary N / Median Percentage / IQR 

Males 4754 55.3% 

Females 3837 44.7% 

Age (years): Median 59.6 (54.3 66.9) 

Diab. Duration (years): Median 27.0 (17.4 38.0) 

Follow-Up Time (years): Median* 6.0 (6.0 6.0) 

Cardiovascular Disease (CVD) 3363 39.1% 

Retinopathy/Maculopathy 1403 16.3% 

Chronic Kidney Disease (CKD) 3370 39.2% 

Diabetic Foot 773 9.0% 
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- Number of Complications -   

0 Complications 3274 38.1% 

1 Complication 2657 30.9% 

2 Complications 1870 21.8% 

3+ Complications 790 9.2% 

- SIMD 2016 Quintiles-   

Quintile 1 1537 17.9% 

Quintile 2 1838 21.4% 

Quintile 3 1849 21.5% 

Quintile 4 1619 18.9% 

Quintile 5 1748 20.4% 

Number of complications 323 

The most frequent complications were CKD stage 3 or worse (39.2%; 3370) and CVD (39.1%; 324 

3363). Of those individuals with CKD, 257 individuals were in receipt of renal replacement 325 

therapy. At study entry, 38.1% (3274) of all individuals had none of the four complications. We 326 

note that of those defined as ever having had CKD by end of follow up, 83% had more than one 327 

eGFR < 60 mL/min/1.73 m^2 at least 3 months apart, thus meeting the KDIQO definition, and 328 

39% had a history of moderately (3–30 mg/mmol) while 21% had a history of severely (>30 329 

mg/mmol) increased albuminuria. 330 

The proportion of individuals without complications decreased with age (Fig 2). This general 331 

trajectory was similar across all SIMD groups. In particular among the youngest studied age 332 

groups, we found a clear socioeconomic gap in the proportion of individuals without 333 

complications. For example, 72.0% of all males from the least deprived and 47.7% of all males 334 

from the most deprived quintile were free from complications at age 50-54. For females aged 335 

50-54 from the least deprived quintile, 65.0% were free from complications compared to 41.2% 336 
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from the most deprived quintile. For both, males and females from the most deprived quintile 337 

aged 50-54, the proportion without complications was similar to the proportion among the 338 

least deprived quintile who were at least 10 years older. Among males, the socioeconomic 339 

gradient in the proportion of individuals without complications was relatively consistent over 340 

age. However, the corresponding gradient was not as equally consistent among females, in 341 

particular after the age of 65. 342 

Among males and females, SIMD differences in the proportion of individuals with 1 343 

complication were not always consistent across the studied age range. SIMD differences in the 344 

proportion of individuals with either 2 or 3+ complications over age were generally more 345 

consistent. We found that the proportion of males and females with either 2 or 3+ 346 

complications tended to be lowest among the least deprived SIMD quintiles while it tended to 347 

be highest among the most deprived SIMD quintile. However, SIMD differences with respect to 348 

2 or 3+ complications were less strongly pronounced than for no complications and not always 349 

consistent at the oldest age groups. 350 

 351 

Fig 2: Age-specific proportions of individuals with type 1 diabetes in the study population 352 

having no, 1, 2, and 3+ complications at point of study entry on 1st January 2013 by sex and 353 

SIMD quintile. 354 

 355 

A detailed overview of the prevalence of each studied complication for males and females of 356 

the study population at point of study entry is presented in S1 Fig. 357 

Transitions and mortality 358 

Within the study period, we observed 4922 transitions. 3427 (69.6%) transitions occurred 359 

between the four transient states. A detailed summary of complications accounting for 360 

transitions between transient states is provided in Table 2. We found that cardiovascular 361 

disease was the single largest complication accounting for transitions between states of lower 362 
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complication burden - in particular from no complications to 1 complication (Transition 1), and 363 

1 complication to 2 complications (Transition 3). In contrast to this, diabetic foot was the single 364 

largest complication accounting for transitions among the highest complication burden: 2 365 

complications to 3+ complications (Transition 5). 366 

Table 2: Overview of complications accounting for transitions between transient states for 367 

the study population throughout the study period lasting from 01 January 2013 to 31 368 

December 2018. Note: Transitions align directly to Fig 1 - Panel (B). 369 

 

Transition Retino./Maculo. CVD CKD Diabetic Foot All Transitions 

No. 1: No  1 342 405 303 96 1146 

Complication (29.8%) (35.3%) (26.4%) (8.4%) (100%) 

No. 3: 1  2  304 456 364 227 1351 

Complications (22.5%) (33.8%) (26.9%) (16.8%) (100%) 

No. 5: 2  3+  239 193 157 341 930 

Complications (25.7%) (20.8%) (16.9%) (36.7%) (100%) 

 370 

A summary of parameter estimates for all transition-specific models in provided in S5 Table (for 371 

set 1: 'sex') and S6 Table (for set 2: 'sex + SIMD quintile'). 372 

 373 

1495 (30.4%) transitions occurred into the absorbing state death. Fig 3 shows age-specific 374 

mortality rates for the study population within the study period. For males and females from all 375 

SIMD quintiles, the increase in mortality over age followed the same general trajectory. 376 

However, we found a clear socioeconomic gap in mortality at all ages. For example, for the age 377 

group 50-54, the mortality rate per 1,000 person years (PY) was 9.5 among males from the least 378 

deprived and 39.2 among males from the most deprived quintile. Among females in this age 379 

group, the mortality rate per 1,000 PY was 19.9 for the least deprived quintile compared to 380 

29.9 for the most deprived quintile. 381 
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 382 

Fig 3: Age-specific mortality rates for the study population during the study period by sex and 383 

SIMD quintile. 384 

 385 

Life expectancy and health-adjusted life expectancy at age 50 386 

Total and state-specific LE estimates for all males and females are presented in Fig 4. LE at age 387 

50 was higher among females (25.1 years (95% Confidence Interval: 24.4-25.9)) than among 388 

males (22.2 years (95% CI: 21.6-22.8)). Females spent more years of life in all transient states 389 

than males, with the exception of life years spent with 3+ complications where years spent 390 

were similar. 391 

 392 

Fig 4: Total and state-specific life expectancies at age 50 among males and females of the 393 

Scottish population with type 1 diabetes. 394 

 395 

Total and state-specific LE estimates for males and females by SIMD quintile are presented in 396 

Fig 5. LE was consistently highest among the least deprived quintiles and lowest among the 397 

most deprived quintiles. The gap in LE between the least and the most deprived quintile was 398 

7.5 years among males and 8.1 years among females. At age 50, LE was 26.3 years (95% CI: 399 

24.5-28.1) among males from the least deprived quintile, and 18.7 years (95% CI: 17.5-19.9) 400 

among males from the most deprived quintile. Corresponding levels among females were 29.3 401 

years (95% CI: 27.5-31.1) for the least deprived quintile and 21.2 years (95% CI: 19.7-22.7) for 402 

the most deprived quintile. 403 

 404 

Fig 5: Total and state-specific life expectancies at age 50 among males and females of the 405 

Scottish population with type 1 diabetes by SIMD quintile. 406 
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 407 

Individuals from the most deprived quintile had the lowest LE and spent the fewest number of 408 

years without complications of diabetes. Differences in the number of years spent without 409 

complications, between the most and the least deprived quintile, were approximately 4 to 5 410 

years among both males and females. At age 50, males from the least deprived quintile were 411 

expected to spend 9.3 years (95% CI: 7.5-11.1) without complications while males from the 412 

most deprived quintile were expected to spend 4.9 years (95% CI: 3.6-6.1) without 413 

complications. 414 

Individuals from the least deprived quintile spent more years of life with 1 and 2 complications. 415 

For example, males from the least deprived quintile spent 8.0 years (95% CI: 7.0-9.0) with 1 416 

complication, while males from the most deprived quintile spent 5.4 years (95% CI: 4.6-6.1) 417 

with 1 complication. 418 

Results of sensitivity analyses 419 

Our life expectancy estimates were obtained from multistate models. All LE estimates obtained 420 

from multistate models were very close to results we obtained using two alternative 421 

approaches: the life table approach and a parametric two-state Gompertz survival model (S2 422 

Fig and S3 Fig). Total LE in a multistate survival model is calculated as the sum of all state-423 

specific LE estimates - rather than being solely determined by transitions into the absorbing 424 

state death. The similarity of our multistate results to both alternative approaches provides a 425 

strong validation of our multistate model estimates. A small deviation in the results is common 426 

and was expected. We found that this deviation was slightly larger for males than for females. 427 

We found differences in the distribution of risk factors across the studied SIMD quintiles as 428 

shown in S7a - S7e Tables. For example, differences were especially prominent with respect to 429 

Hba1c levels and the fraction of ever smokers. Therefore, we examined whether differences in 430 

transition rates for the different SIMD quintiles would persist when accounting for differences 431 

across health risk factors. We compared the covariate effects of 'sex' and 'SIMD quintile' from 432 

the second set of models with the corresponding effects from a third set of models, which 433 
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included a number of health risk factors. Results of this sensitivity analysis are shown in S8 434 

Table and illustrate that the HRs of the covariates 'sex' and 'SIMD quintile' changed only 435 

marginally when accounting for further health risk factors. 436 

Discussion 437 

Principal findings 438 

Our results for the Scottish population with type 1 diabetes aged 50 years and older show a 439 

large socioeconomic gap in LE, as well as life years spent with and without complications of 440 

diabetes. We found that individuals with type 1 diabetes from the most deprived SIMD quintile 441 

experienced a double disadvantage: they had the lowest LE and spent the fewest number of 442 

years without complications of diabetes. The magnitude of socioeconomic differences in 443 

transition rates changed only marginally when controlling for differences in the distribution of 444 

health risk factors, demonstrating the wider role socioeconomic deprivation plays in 445 

determining health and mortality outcomes among the population with type 1 diabetes in 446 

Scotland. 447 

Comparison with the general population in Scotland 448 

Clear parallels can be drawn when comparing our LE results by socioeconomic deprivation with 449 

LE results by socioeconomic deprivation reported for the corresponding general population in 450 

Scotland. Since the 1950s, LE among the general Scottish population has been among the 451 

lowest in Central and Western Europe [39]. LE for the population with type 1 diabetes in 452 

Scotland is lower than for the general population in Scotland. Previous results for LE at age 50 453 

in the period 2008-2010 showed that LE was 7.4 years (95% CI: 6.5-8.3) lower for males and 9.0 454 

years (95% CI: 8.0-10.0) lower for females with type 1 diabetes compared with the 455 

corresponding general Scottish population [16]. The multistate models we applied and the 456 

study period we covered means our LE results are not directly comparable to these previous 457 

findings for the Scottish population with type 1 diabetes or with routinely reported LE estimates 458 

for the general population. However, NRS LE estimates for the period 2014-2016, 459 
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approximately the mid-point of our study period, provide a crude comparison. Comparing our 460 

LE estimates with these NRS estimates indicates that the gap in LE between the general 461 

population and the population with type 1 diabetes may have remained constant for males (7.6 462 

years) but may have decreased for females (7.7 years) [40]. 463 

Socioeconomic inequalities in LE have been found for almost all countries and population 464 

subgroups in the world where appropriate data are available. Scotland is a country with a very 465 

steep mortality gradient between the most and least deprived [41]. Looking again at the closest 466 

comparable data for the general population, which used the same measure of deprivation and 467 

covered a similar time period, males aged 50 from the general Scottish population had a LE gap 468 

of 7.5 years between the most and least deprived quintiles [40]. For females aged 50 from the 469 

general Scottish population there was a LE gap of 6.1 years [40]. For males aged 50 with type 1 470 

diabetes, we found a socioeconomic gap in LE of 7.5 years. This is very similar to the magnitude 471 

of the gap found for males of the general Scottish population. For females with type 1 diabetes, 472 

we found a socioeconomic gap in LE of 8.2 years, which may be larger than the gap for females 473 

of the general Scottish population [40]. 474 

To examine long-term LE trends among the population with type 1 diabetes and make direct 475 

comparisons with the general population, a different study design is required. A formal trend 476 

analysis would need LE to be estimated consistently over time, using the same methodological 477 

approach. 478 

The socioeconomic gap in healthy LE for the general Scottish population is estimated to be even 479 

higher than the socioeconomic gap in LE [42]. For the period 2015-2017, NRS reported a SIMD 480 

gap in healthy LE at age 50 of 13.2 years for males and 11.6 years for females of the general 481 

Scottish population [43]. Healthy LE is defined as the number of years lived in self-assessed 482 

good health and combines mortality with self-reported and subjective measures - typically from 483 

surveys [43]. This is not a comparable measure to our estimates of health-adjusted LE for the 484 

population with type 1 diabetes which combined mortality records and routinely collected 485 

information on the complications of diabetes. However, we found that the socioeconomic gap 486 
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was largest for the years of life spent with no complications, the healthiest state possible for 487 

our study population. 488 

Comparison with previous findings for populations with type 1 489 

diabetes 490 

To our knowledge, no previous study has estimated health-adjusted LE for a real-world 491 

population with type 1 diabetes. We are also the first to estimate the socioeconomic gap in LE 492 

and health-adjusted LE for a national cohort with type 1 diabetes. Two previous studies provide 493 

a crude comparison of LE estimates for all males and females to the results we obtained in this 494 

study. In a previous study for the Scottish population with type 1 diabetes covering the period 495 

2008-2010, LE at age 50 was 21.9 years for males and 23.2 years for females [16]. Despite minor 496 

differences in the methodology used, our results for the period 2013-2018 indicate that females 497 

have experienced larger gains in life expectancy than males (~ +1.9 years vs. ~ +0.3 years). 498 

Levels of LE for males and females reported in our study were very similar to previous results 499 

reported for the population with type 1 diabetes in Australia at age 50 (Males: 22.7 years; 500 

Females: 25.9 years) [15]. The results for Australia are based on mortality data covering the 501 

period 1997-2010, which is around 10 years earlier than the period covered in our study. 502 

Despite the much earlier time period, levels of LE we find for males and females in Scotland are 503 

similar. This indicates that LE for males and females with type1 diabetes lags behind other 504 

countries and may be lower than LE is in Australia today. It is important to acknowledge that 505 

there are significant differences in life expectancy between the general populations of Australia 506 

and Scotland, evidenced for example in Human Mortality Database [44]. Therefore, it could be 507 

possible that other factors which are not directly associated with type 1 diabetes, such as 508 

Scotland’s high levels of premature mortality and mortality from external causes of death [45], 509 

might explain parts of the LE gap between the Scotland and other cohorts of individuals with 510 

type 1 diabetes in other countries. 511 
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Interpretations and implications 512 

It is important to consider factors which are unique and specific in the context of type 1 513 

diabetes. For individuals with type 1 diabetes, the risk of mortality is strongly associated with 514 

the number and duration of complications [46,47]. Our results show that individuals from the 515 

most deprived quintile spend the fewest number of years without complications of diabetes. 516 

This is further evidence that deprived individuals experience complications earlier on in life and 517 

accumulate complications more rapidly. 518 

Alongside overarching societal interventions targeting socioeconomic inequalities, keeping 519 

individuals with type 1 diabetes from deprived backgrounds free from complications for as long 520 

as possible is likely to have the biggest impact on the pathways driving the socioeconomic gap 521 

in LE. For example, preventing adverse short-term outcomes among individuals with type 1 522 

diabetes, in particular events of hypoglycemia, DKA, and poor glycemic control, are key 523 

pathways for preventing adverse long-term health outcomes such as micro- and macrovascular 524 

complications or premature mortality [48,49]. Therefore, interventions for narrowing the 525 

socioeconomic gap in long-term outcomes, including LE and health-adjusted LE, should consider 526 

targeting inequalities in short-term outcomes [50]. Patient-level interventions on the pathways 527 

to short term outcomes could include structured self-care programs and assertive outreach 528 

tailored specifically for more deprived socioeconomic groups and those disengaged with care, 529 

focusing on improved self-management, and minimizing disruptions to treatment regimen [51]. 530 

At the population level, interventions should reduce hurdles in accessing healthcare and ensure 531 

an equitable roll-out and uptake of technological innovations such as continuous subcutaneous 532 

insulin infusion (CSII) or flash monitors. Recent findings for Scotland suggested that the 533 

introduction of medical devices has been of greatest benefit for individuals with suboptimal 534 

glycemic control [52], with individuals from the most deprived quintile being less likely to 535 

achieve glycemic targets [9]. Therefore, these technological innovations could contribute to 536 

reducing the socioeconomic gap in LE and health-adjusted LE for the population with type 1 537 

diabetes. However, technological innovations may cause the socioeconomic gap to widen if 538 

uptake is unequally distributed. 539 
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Strengths and Limitations 540 

We utilized routinely collected, electronic healthcare records, covering a national cohort with 541 

type 1 diabetes. Our results are therefore not affected by systematic recall bias and loss-to 542 

follow-up. We operationalized four major complications of diabetes, but we did not capture 543 

additional health conditions such as cancers and cognitive impairments. 544 

In the absence of unexpected health shocks such as wars and epidemics, LE tends to 545 

underestimate the average length of life for actual birth cohorts as it does not account for 546 

potential medical and technological progress in the future [53]. This means that the transition 547 

rates we observed are likely to change in the future. Therefore, our estimates of LE at age 50 548 

may underestimate how long individuals aged 50 today will likely live for. 549 

The way we captured the presence of all four complications reflects relatively advanced stages 550 

for each complication. Although a like-for-like comparison between each complication is not 551 

possible, we aimed to capture equally advanced stages. It is widely acknowledged that the 552 

results obtained from multistate models are sensitive to the way health and disease are 553 

measured [54]. It is therefore possible that other definitions would have led to either smaller or 554 

larger socioeconomic differences in life years spent with complications. We fully acknowledge 555 

that all four complications could have been defined differently. Considering this aspect, we 556 

acknowledge that our definition of CKD is less stringent than the KDOQI definition. 557 

Nevertheless, we argue that our definitions of complications provide reasonable estimates that 558 

do not over-estimate or under-estimate the magnitude of socioeconomic inequalities (see 559 

sensitivity analysis) or overemphasize one particular complication.  560 

We defined the accumulation of complications as irreversible. In addition, we did not 561 

distinguish between multiple stages within each complication (i.e. stages of CKD) and we did 562 

not distinguish between grades of severity. As a result, our approach did not capture whether 563 

complications were temporarily reversed or progressed to more severe stages. While our 564 

multistate model is a clear simplification, it is in line with the highest-quality studies which have 565 

applied multistate survival models to obtain population-level metrics for broad population 566 
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subgroups [30]. Studies specifically designed to examine the progression of one complication in 567 

more detail would require a specifically tailored focus and study design, including a much more 568 

granular classification of each complication, the introduction of stages of disease progression, 569 

and an investigation of the predictive power of introduced covariates. 570 

Conclusion 571 

Our findings for the Scottish population with type 1 diabetes aged 50 and older showed a large 572 

socioeconomic gap in LE and the number of years spent with and without complications. In 573 

addition to societal interventions, tailored support to reduce the impact of diabetes will be key 574 

for narrowing the socioeconomic gap in LE among the population with type 1 diabetes. 575 

  576 
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Captions of Tables and Figures 593 

Table 1: Characteristics of the study population of people with type 1 diabetes aged 50 and 594 

older in Scotland at study entry on 1st January 2013. Note: * Out of all 8,591 individuals, 595 

6,769 individuals were followed for the entire 6-year period. The corresponding mean follow-596 

up period was 5.4 (SD: 1.5) years. Out of all 1,822 individuals which were not observed for the 597 

entire 6-year period, 1495 individuals died during the follow up, and 327 individuals were 598 

censored as they became unobservable for other caused than death, such as out-migration.  599 

Table 2: Overview of complications accounting for transitions between transient states for 600 

the study population throughout the study period lasting from 01 January 2013 to 31 601 

December 2018. Note: Transitions align directly to Fig 1 - Panel (B). 602 

Fig 1: Overview of the study design. Panel (A) illustrates the captured study period and the 603 

preceding period to obtain an exact health status at study entry on 01 January 2013. Panel (B) 604 

shows how the five mutually exclusive health states - four transient states and one absorbing 605 

state - were connected via seven distinct transitions. 606 

Fig 2: Age-specific proportions of individuals with type 1 diabetes in the study population 607 

having no, 1, 2, and 3+ complications at point of study entry on 1st January 2013 by sex and 608 

SIMD quintile. 609 

Fig 3: Age-specific mortality rates for the study population during the study period by sex and 610 

SIMD quintile. 611 

Fig 4: Total and state-specific life expectancies at age 50 among males and females of the 612 

Scottish population with type 1 diabetes. 613 

Fig 5: Total and state-specific life expectancies at age 50 among males and females of the 614 

Scottish population with type 1 diabetes by SIMD quintile. 615 

 616 

  617 
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Supporting information 618 

S1 Table: Definition of all diabetes-related complications examined in the study. Note: 619 

Information on cardiovascular disease are based on ICD-9/ICD-10 hospital admission codes in 620 

the SMR01 register. The definitions of retinopathy/maculopathy, chronic kidney disease, and 621 

diabetic foot are based on screening results carried out in predominantly primary care. For 622 

the latter three conditions, no further ICD codes from the SMR01 register were used. 623 

S2 Table: Fraction of missing information for the study population (in percent) at study entry 624 

on 01 January 2013, before the usage of multiple imputation methods. 625 

S3 Table: Overview of all utilized transition-specific models used for the main analysis. 626 

Models of set 1 were used to derive estimates for all males and all females while models of 627 

set 2 were used to derive estimates for males and females by SIMD quintile. 628 

S4 Table: Distribution of weights (in percent) at ages 45-54 by sex and SIMD quintile on 01 629 

January 2013. These weights w~j can be interpreted as the prevalence of individuals with no, 630 

1, 2 and 3+ complications at an average age of 50 on 01 January 2013. 631 

S5 Table: Overview of all utilized transition-specific models of set 1. Models of set 1 were 632 

used to derive estimates for all males and all females. Note: Transitions align directly to Fig 1 633 

- Panel (B). 634 

S6 Table: Overview of all utilized transition-specific models of set 2. Models of set 2 were 635 

used to derive estimates for males and females by SIMD quintile. Note: Transitions align 636 

directly to Fig 1 - Panel (B). 637 

S7a - 7e Table: Overview of the study population from SIMD quintile 1, 2, 3, 4, and 5 at point 638 

of study entry including all biomedical information utilized in the sensitivity analysis. 639 

S8 Table: Comparison of Hazard Ratios (HR) for sex and SIMD quintile from the utilized 640 

transition-specific models of set 2 with HR obtained from set 3. Set 3 represents a 641 

corresponding model which in addition to the covariates sex and SIMD quintile includes 642 

information on smoking status, Hba1c, BMI, diastolic BP, systolic BP, total cholesterol, low-643 
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density lipoprotein-cholesterols, and high-density lipoprotein-cholesterols. Note: Transitions 644 

align directly to Fig 1 - Panel (B). 645 

S1 Fig: Prevalence of the four studied complications retinopathy/maculopathy, cardiovascular 646 

disease, chronic kidney disease, and diabetic foot within the study population at point of 647 

study entry, separately for males and females and by SIDM quintile. 648 

S2 Fig: Comparison of LE estimates for all males and all females obtained from the multistate 649 

survival model (presented in the paper) with corresponding LE estimates derived using the 650 

Chiang (1984) Method and parametric two-state survival models. 651 

S3 Fig: Comparison of LE estimates for males and females by SIMD quintile obtained from the 652 

multistate survival model (presented in the paper) with corresponding LE estimates derived 653 

using the Chiang (1984) Method and parametric two-state survival models. 654 

S1 Text: R-Code example demonstrating the estimation of health-adjusted LE  655 

  656 
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