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Abstract

Aim: To externally validate the UK Prospective Diabetes Study Outcomes Model ver-

sion 2 (UKPDS-OM2) by comparing the predicted and observed outcomes in two

European population-based cohorts of people with type 2 diabetes.

Materials and methods: We used data from the Casale Monferrato Survey (CMS;

n = 1931) and a subgroup of the Hoorn Diabetes Care System (DCS) cohort

(n = 5188). The following outcomes were analysed: all-cause mortality, myocardial

infarction (MI), ischaemic heart disease (IHD), stroke, and congestive heart failure

(CHF). Model performance was assessed by comparing predictions with observed

cumulative incidences in each cohort during follow-up.

Results: All-cause mortality was overestimated by the UKPDS-OM2 in both the cohorts,

with a bias of 0.05 in the CMS and 0.12 in the DCS at 10 years of follow-up. For MI, pre-

dictions were consistently higher than observed incidence over the entire follow-up in

both cohorts (10 years bias 0.07 for CMS and 0.10 for DCS). The model performed well

for stroke and IHD outcomes in both cohorts. CHF incidence was predicted well for the

DCS (5 years bias −0.001), but underestimated for the CMS cohort.
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Conclusions: The UKPDS-OM2 consistently overpredicted the risk of mortality and

MI in both cohorts during follow-up. Period effects may partially explain the differ-

ences. Results indicate that transferability is not satisfactory for all outcomes, and

new or adjusted risk equations may be needed before applying the model to the Ital-

ian or Dutch settings.
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cardiovascular disease, diabetes complications, health economics

1 | INTRODUCTION

Several health economic decision models have been developed and

validated for type 2 diabetes (T2D) mellitus populations to support

healthcare policy making. They are mainly used to extrapolate long-

term clinical outcomes and costs from clinical trials, to assess cost-

effectiveness and to estimate the expected total budget impact of

introducing new types of treatment. These analyses aid decision

makers as part of a Health Technology Assessment to support

healthcare priority setting.1

The UK Prospective Diabetes Study Outcomes Model version

2 (UKPDS-OM2) is an individual-level model used to predict health

outcomes of individuals diagnosed with T2D.2 The model predicts

several types of complications common to people with T2D, using

Monte Carlo simulation and risk equations fitted on the UK Prospec-

tive Diabetes Study (UKPDS) data that account for a range of patient

characteristics, such as age, sex, preexisting complications, laboratory

values and lifestyle habits. The model, as described by Hayes et al2 is

transparent3,4 and has been validated internally as well as exter-

nally.3,5 The UKPDS-OM2 has significant advantages over version

1, as it is based on longer follow-up data (almost double follow-up

time), simulates more outcomes, and captures more comprehensively

the progression of diabetes.2,6

In view of a potential wide utilization of the UKPDS-OM2 in

cost-effectiveness analysis and in the evaluation of strategies for the

management of T2D at the European level in the future, external

validation in data across European countries is of great interest. In

particular, with the aim of using the UKPDS-OM2 to support

cost-effectiveness studies of new biomarkers in Western and South-

ern European countries with relatively extensive diabetes care

programmes in place, an external validation using real-world data at

the European level was necessary.

As observed in a validation of the first version of the UKPDS-

OM,7 differences in health and healthcare among countries, reflected

in differences in variables such as life expectancy of the general popu-

lation and mortality risk for T2D, are likely to determine biased esti-

mates of the outcomes. An assessment of model behaviour in

different contexts can provide information on the factors affecting

validity in different settings according to population characteristics.

The previous release of the UKPDS-OM2, the UKPDS-OM1,

has been validated in several settings.7–10 Previous patient-level

validation work of the UKPDS-OM2 equations has been done in the

United States11,12 and Germany.13 They consistently report over-

prediction of all-cause mortality, but varied in terms of performance

relative to other outcomes. Since these results are contradictory

and the sample size was small (fewer than 500 participants), evi-

dence on model performance in a European setting is currently

quite limited.

The aim of the present study was to assess the performance of

the UKPDS-OM2 in two large unselected cohorts, with a long follow-

up, representative of different epidemiological scenarios within the

European context, the Casale Monferrato Survey (CMS) from Italy

and the Hoorn Diabetes Care System (DCS) cohort from the

Netherlands.

2 | METHODS

The UKPDS-OM2 was used to simulate the DCS and CMS

populations from baseline up to 10 and 15 years, respectively, in

order to compare its predicted cumulative incidences of T2D-related

health outcomes with the observed cumulative incidences. The out-

comes considered were all-cause mortality and the incidence of the

following fatal and non-fatal events: myocardial infarction (MI), stroke,

congestive heart failure (CHF), and other ischaemic heart disease

(IHD). The list of International Classification of Diseases, 9th revision

(ICD-9) and 10th revision (ICD-10) codes used for defining fatal and

non-fatal events was derived from the UKPDS and is provided in

Table S1. Patients were included in the analysis if data were available

at baseline on a predefined core set of risk factors, namely: sex; age;

duration of diabetes (years); BMI; smoking status (current smoker or

not); total, HDL and LDL cholesterol; systolic blood pressure; glycated

haemoglobin (HbA1c); and estimated glomerular filtration rate (eGFR).

2.1 | Patient data

Two unselected observational cohorts, the CMS cohort (n =

1931)14,15 and the DCS cohort (n = 5188),16,17 were used to inform

the UKPDS-OM2 with patient-level data. Details on data selection

and handling of missing data are reported in Appendix S1 (see sec-

tions “Patient data”, “Missing data” and Tables S2-S9).
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2.2 | UKPDS outcomes model version 2

The UKPDS-OM2 is based on patient-level data from the UKPDS.2 It

has been developed to substitute the UKPDS-OM1, since additional

information has been collected during the UKPDS 10-year post-trial

monitoring period, allowing data to be incorporated on new risk fac-

tors and outcomes. We provide the characteristics of the UKPDS

cohort used to inform the model, at 7 and 11 years of follow-up, in

Table 1. The model simulates T2D populations, modelling the occur-

rence of eight diabetes-related complications (MI, IHD, stroke, CHF,

amputation, renal failure, diabetic ulcer, and blindness in one eye), sec-

ond events (MI, stroke and amputation), and death to estimate (qual-

ity-adjusted) life expectancy and costs. The UKPDS-OM2 predicts

outcomes at the patient level based on patient demographics (age,

sex, ethnicity), duration of diabetes, risk factor levels over time, and

history of T2D-related complications, using a probabilistic discrete-

time state-transition model.

Further details on the model are reported in Appendix S1 (see

section “The UKPDS Outcomes Model version 2”).

2.3 | Model validation

The model was run for each cohort using all patients with imputed

data from time of entry into the DCS and CMS cohorts up to 10 and

15 years of follow-up, respectively.

In predicting incidence of each T2D-related complication, only

the first event after diagnosis was counted. We removed individuals

with pre-existing events, resulting in specific sample sizes for each

type of event (Table S10 in Appendix S1).

Model validation was performed by comparing UKPDS-OM2 pre-

dictions with mean and 95% confidence interval (CI) of the observed

cumulative incidences in each cohort at 5, 10 and 15 (CMS only) years

of follow-up, that is, “calibration-in-the-large”. The UKPDS-OM2 was

judged to be well calibrated for a particular outcome if the predicted

probability fell within the 95% CI of the probability estimated from

the observed data.

We also calculated the difference between predicted and

observed means in cumulative incidence using measures from bias

(difference between observed and predicted means) to mean absolute

percentage error (MAPE; average of the error in percentage terms).18

In general, MAPE is easier to compare across cohorts and outcomes

as it is a relative measure. Values closer to zero described better

accuracy.

Finally, predicted and observed cumulative incidence for all the

outcomes at the different timepoints (5, 10 and, for CMS only,

15 years) were plotted together in one graph per cohort. We then

estimated a linear regression for each cohort and report the

resulting R2.

Model discrimination, that is, ability to distinguish individuals with

different outcomes,19 was estimated with C-statistics using patient's

observed survival time and predicted event-free survival at 5, 10 and

15 (CMS only) years, for each of the outcomes.

Further details are reported in Appendix S1 (See “Missing data”,
“Validation” and “Subgroup and sensitivity analyses” sections). Ana-

lyses were performed with SAS 9.4 for the CMS and R 4.0.0 for the

DCS cohorts.

3 | RESULTS

Baseline characteristics of the cohorts are provided in Table 1. The CMS

and DCS cohorts differed mainly in mean duration of diabetes, with the

CMS cohort including more prevalent cases (mean duration of

TABLE 1 Baseline risk factors in the Casale Monferrato Survey, the Hoorn Diabetes Care System and UK Prospective Diabetes Study cohorts

DCS cohort CMS cohort UKPDSa (duration 7 years) UKPDSa (duration 11 years)

Number of subjects 5188 1931 4637 4145

Male, % 55.6 48.9 58.1 57.4

Mean (SD) age, years 64.8 (11.1) 67.8 (10.3) 58.5 (8.8) 62.2 (8.8)

Mean (SD) duration of diabetes, years 6.8 (5.9) 10.9 (8.0) 7.0 (0) 11.0 (0)

Mean (SD) BMI,a kg/m2 30.3 (5.5) 28.5 (5.0) 29.2 (5.6) [4034] 29.3 (5.6) [3389]

Current smoker,a % 18.6 14.9 23.1 [4191] 18.7 [3526]

Mean (SD) HDL cholesterol,a mmol/L 1.2 (0.3) 1.4 (0.4) 1.1 (0.3) [3674] 1.1 (0.3) [1879]

Mean (SD) LDL cholesterol,a mmol/L 2.6 (0.9) 3.3 (0.9) 3.4 (1.0) [3672] 3.3 (0.9) [1879]

Mean (SD) systolic blood pressure,a mmHg 142.1 (20.1) 146.1 (16.4) 137.3 (18.7) [3997] 139.3 (19.2) [3387]

Mean (SD) HbA1c,a mmol/mol 50 (11) 53 (19) 63 (20) [3852] 67 (20) [3245]

Mean (SD) eGFR,a mL/min/1.73 m2 79.7 (20.9) 80.9 (23.9) 74.7 (17.5) [3423] 72.2 (17.7) [3284]

History of MI, % 7.7 7.9 4.1 6.3

History of stroke, % 6.0 6.7 1.9 3.0

aNumbers in square brackets refer to participants with available data for a particular risk factor.

Abbreviations: CMS, Casale Monferrato Survey; DCS, Hoorn Diabetes Care System; eGFR, estimated glomerular filtration rate; HbA1c, glycated

haemoglobin; MI, myocardial infarction; SD, standard deviation; UKPDS, UK Prospective Diabetes Study.
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10.9 years) and the DCS including more recently diagnosed cases (mean

duration of 6.8 years). Age, systolic blood pressure and smoking preva-

lence, also differed slightly among the cohorts. All the other risk factors

had comparable mean values for the DCS and CMS cohorts, while the

UKPDS showed lower rates of complications and higher HbA1c values.

Figure 1 shows the predicted and observed (with 95% CI) cumula-

tive incidences in the two cohorts up to 10 years (DCS) and 15 years

(CMS) of follow-up for all the outcomes. Table 2 reports the compari-

son of observed (with 95% CI) and predicted cumulative incidence at

5, 10 and 15 (CMS only) years, and mean bias, by outcome and cohort.

The model overestimated all-cause mortality in the CMS cohort, with

a bias increasing from 0.04 at 5 years to 0.06 at 15 years of follow-

up. Overestimation of mortality was larger for the DCS cohort, with a

bias of 0.09 at 5 years and 0.14 at 10 years. The UKPDS-OM2 also

overestimated MI incidence in both cohorts, with a bias of 0.05 at

5 years and 0.07-0.09 at 10 years. The model performed better for

stroke and IHD in both cohorts. For stroke, bias was small (−0.01 and

0.01) at 5 years, slightly increasing with longer follow-up in both

cohorts (−0.02 and 0.02). For IHD, similarly, bias was small at 5 years

(−0.01 and 0.001) and 10 years (−0.02 and 0.03). The model

predicted CHF incidence well for the DCS cohort (bias −0.001 at

5 years), but underestimated CHF for the CMS cohort, with a bias

ranging from −0.03 at 5 years to −0.07 at 15 years.

Figure S2 in Appendix S1 plots the predicted versus observed

cumulative incidence for all outcomes in one graph and all timepoints

(at 5, 10 and, for CMS, 15 years), by cohort. In both cohorts, predic-

tions were strongly associated with observations, with R2 above 0.9.

Results of the analysis of all-cause mortality by subgroup are

reported graphically in Figure S3 in Appendix S1. In the CMS cohort,

the UKPDS-OM2 showed a reasonable performance (within the 95%

CI of the observed rate) for the following subgroups: men, age below

65 years (up to 10 years of follow-up), a median duration of diabetes

of 6 to 10 years, and BMI below 25 kg/m2. The model predicted par-

ticularly well in the subgroup with HbA1c above or equal to 58 mmol/

mol. Similarly, in the DCS cohort, even if the overestimation was high

for all the groups, the prediction was better for those under 65 years,

with HbA1c above or equal to 58 mmol/mol and with BMI below 25

kg/m2.

In a sensitivity analysis carrying risk factors during follow-up for-

ward from the last observed values (from baseline in CMS), the effect

was negligible for the outcomes in the DCS. However, in the CMS,

where risk factors were held constant (carried forward) from baseline,

the overestimation of mortality and MI rates was reduced (see

Figure S4 in Appendix S1).

Figure 2 shows the calibration plots of the observed all-cause

mortality by decile of predictions at 10 years of follow-up. In the CMS

cohort, model predictions were within the observed 95% CI for all but

three subgroups, but the predicted point estimate overestimated mor-

tality in all subgroups. In the DCS cohort, model predictions were out-

side the observed 95% CI for all but one subgroup. As with the CMS,

the predicted point estimates overestimated observed mortality for all

10 subgroups. However, when we used only individuals enrolled in

2008 (ie, followed for the full 10 years), the model performance

improved, with overestimations being smaller for many subgroups.

Additional measures of calibration over time are reported in

Table S11 in Appendix S1. In line with the “calibration in the large”
results, calibration was worst for MI in the CMS cohort followed by

all-cause mortality. In the DCS cohort, calibration was worst for all-

cause mortality and MI, with small errors for CHF. MAPE was quite

large for MI in both cohorts. Except for IHD and CHF, the UKPDS-

OM2 did worse in the DCS than in the CMS cohort when assessed

by MAPE.

Table S12 in Appendix S1 reports the C-statistics concerning the

UKPDS-OM2's discriminatory capability in the CMS and DCS cohorts.
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For the CMS cohort, C-statistic values were above 70% for all-cause

mortality across the three timepoints considered. For the remaining

outcomes, the C-statistic values were approximately 60% to 65% at

5 and 10 years, and lower at 15 years for MI and IHD (59%). In the

DCS cohort, the C-statistics indicated a reasonably good model per-

formance (above 70%) for mortality, heart failure, AMI and stroke

(at 10 years). The model predictions for IHD performed the worst in

terms of discrimination in the DCS (66% at 5 and 10 years).

4 | DISCUSSION

To allow the wide utilization of the UKPDS-OM2 in T2D we need to

assess its performance in cohorts of patients different from those

used for model development. We externally validated the UKPDS-

OM2 using individual patient-level data from two European cohorts,

the Italian CMS cohort (South Europe) and the Dutch DCS cohort

(Western Europe). We found the UKPDS-OM2 to overpredict the risk

of all-cause mortality and MI in both cohorts, but to perform well for

stroke and IHD outcomes. The predicted incidence of CHF was accu-

rate in the Dutch cohort but was considerably underestimated in the

Italian cohort. Furthermore, model performance deteriorated the lon-

ger the period of analysis. In terms of model discrimination, the

UKPDS-OM2 performed better in the DCS cohort (all but one out-

come with C-statistic equal to or above 70%) compared to the CMS

cohort (only mortality above 70%).

The performance of the UKPDS-OM2 in both cohorts may be

partly explained by the effects of differences in the time periods of

observation. The DCS cohort consisted of individuals with T2D

followed between 2008 and 2018, whereas the CMS cohort con-

sisted of individuals followed between 2000 and 2015. In contrast,

the UKPDS-OM2 was built using data from a cohort of newly diag-

nosed individuals followed between 1977 and 2007. However, dia-

betes care changed significantly between 1977 and 2019, with the

arrival of new antidiabetic agents, increased levels of statin use and

improvements in the prevention and care of diabetes-related compli-

cations such as stroke and MI. This has been accompanied by a

reduction in the absolute and relative mortality over time in people

with T2D.20,21

Differences in treatment strategies between the three cohorts—

the UKPDS, CMS and DCS cohorts—could also explain the perfor-

mance of the UKPDS-OM2. The UKPDS population was randomized

into intensive glucose/blood pressure control compared to conven-

tional care between 1977 and 1997. When the UKPDS trial finished

in 1997, all surviving UKPDS patients entered into a 10-year post-trial

monitoring study. In contrast, both CMS and DCS populations

received routine care, supplemented by a central diabetes centre.

The subgroup analyses on model performance for mortality indi-

cated specifically room for improvement in elderly patients. This is

reasonable, since the UKPDS cohort started with a population aged

58.5 years. In the CMS and DCS cohorts, the percentage of patients

above 65 years of age was substantial (>50%), and 23% and 19% of

patients, respectively, were aged above 75 years. New studies of theT
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risk in elderly patients would be quite relevant and could potentially

inform targeted treatment for elderly individuals with T2D.

Another focus for efforts to improve the UKPDS-OM2 should be

the risk of MI, which showed poor fit in both cohorts. This confirms

findings in previous studies in the United States and Germany.11–13

Changes in cardiovascular risk management as well as in medical

treatment after a cardiovascular event may explain this, and underline

the need for calibrating the UKPDS-OM2 or estimating new risk

equations.

The main strength of the present analysis is the use of individual

patient-level data, with a long follow-up (10 and 15 years), from two

observational unselected cohorts of people with T2D. Both cohorts

were sampled in routine care, including almost all individuals with T2D

in the region of interest, and had large sample sizes of nearly 2000 and

5000 individuals, respectively, and up to 15 years of data. With more

than 150 and 135 events, respectively, for MI at 10 years—the rarest

cardiovascular event—sample sizes were large enough to allow assess-

ment of performance for all the included outcomes.

Our results add to previous findings suggesting that the UKPDS-

OM2 overpredicts mortality and certain cardiovascular outcomes such

as MI.11–13 Other models incorporating equations from the UKPDS-

OM2 have also reported validation exercises.18,22,23 However, these

validation studies were based on aggregate data from published stud-

ies and the choice of using individual data allowed us to better match

outcomes, to capture variation in patient characteristics and out-

comes, to address missing risk factor values, and to compare several

subgroups of interest.

To perform the present validation a very significant effort was

undertaken to harmonize data to inform the UKPDS-OM2 and to

extract the incidence of events in both cohorts. Particular commit-

ment was necessary to identify the core set of risk factors to be used

as inclusion criteria, in order to maximize the number of patients to

be included in both cohorts. Key variables in several cases needed to

be recoded to harmonize cohort data with UKPDS-OM2

requirements.

The potential misalignment of model outcomes with the out-

comes recorded in the two cohorts is worth noting. We sought to

align UKPDS-OM2 outcomes to diagnostic codes (ICD-9 and ICD-10)

in the administrative records of both cohorts, but could not be certain

of their exact match. For example, in the CMS cohort, fatal events

were obtained from two different data sources: (a) causes of death

validated by clinicians up to 2006, and (b) the Death Registry from

2007. This resulted in two different approaches in coding the main

cause of death and possible misclassification between the cardiovas-

cular diseases. This could explain the observed higher rates of heart

failure up to 2006 compared to after 2006. In the DCS cohort, while

most cardiovascular events could be verified in medical records after

linkage, this was not possible for approximately 5% of events, since

they occurred outside of the linkage setting (after 2018, or in an

external hospital). Comparing self-reported to validated events (for a

subgroup of 453 participants) showed that the sensitivity of self-

report was 86%, while specificity was 90%.16 Nonetheless, this way

of using self-reported information during the annual examination

might have led to an underestimation of cardiovascular events in the

DCS cohort, in particular due to underreporting of fatal events.

Our work has some limitations. First, some risk factor data

needed to inform the UKPDS-OM2 were not available. Of these,

some risk factors were completely missing in the cohorts (eg, atrial

fibrillation, peripheral vascular disease, heart rate) and were imputed

based on their association with available risk factors derived using

UKPDS data.

Second, risk factor data were completely missing at follow-up in

the CMS cohort and censored in the DCS cohort. These missing risk

factor time paths were imputed using risk factor time-path equations

developed by the UKPDS modelling team, and based on the UKPDS

cohort. However, in sensitivity analysis, when we carried forward the

last observed values, the findings were similar to those obtained using

the imputed risk factor time paths. The imputation process allowed us

to maximize the number of patients available for analysis, but could

result in a possible overestimation of the differences between

predicted and observed events if there is a significant mismatch

between imputed and actual (but unobserved) risk factor time paths.

However, using risk equations from the UKPDS-OM to impute miss-

ing values allowed us to test the model as it is likely to be used by
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other researchers. The equations were provided by the authors of the

UKPDS-OM and have yet to be published.

Third, our study populations were those with complete observa-

tions at baseline on core risk factors. Thus, we were not able to assess

model performance for patients with missing data at baseline. This

could have affected the generalizability of our cohorts, however, we

expect this effect to be relatively limited. Differences between

included and excluded subjects in available variables were low for the

CMS cohort (data not shown), while for the DCS cohort only the per-

centage of smokers and the level of eGFR was higher in the exclusion

group (data not shown).

Another limitation was the exclusion of microvascular endpoints

(eg, amputation, renal failure) and cardiovascular death from the anal-

ysis. However, we focused on the main cost drivers and drivers of loss

in quality of life for T2D and most microvascular endpoints are rare in

contemporary cohorts such as ours. Furthermore, cause of death is

less robustly assessed in real-world cohorts and was judged not to be

sufficiently robust for validation purposes in both cohorts.

Finally, contrary to validation studies performed for single risk

prediction equations, in the present study no recalibration of the

UKPDS-OM2 as a starting point for validation was performed.

Because the model is informed by 15 risk prediction equations in

combination and the recalibration of each individual risk equation will

affect other risk equations due to the outcomes being interrelated,

standard recalibration was infeasible. Rather than calibration, transfer-

ability of the decision model is at stake and we assessed this by con-

sidering calibration, calibration in the large, and discrimination. Our

results indicate that this transferability is not satisfactory for all out-

comes and new or adjusted risk equations may be needed before

applying the model to the Italian or Dutch setting. This requires care-

ful and stepwise adjustments and is a topic for further research.

Beside all the mentioned limitations, this study represents an

attempt to validate a decision model using unselected per-patient

data, as they are usually available in the real world, that is with missing

values, self-reported data and few observable outcomes.

In the present study, we showed that the UKPDS-OM2 over-

predicted the risk of MI and all-cause mortality. Model calibration of

the UKPDS-OM2 may be needed to ensure its relevance to policy

makers outside the United Kingdom. Our findings provide support

and direction for such calibrations. The present results highlight the

importance of external validity assessments and need for possible

adjustments before applying decision models to settings different

from the ones used for their development, especially when their appli-

cation aims at predicting absolute outcomes and effects.
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