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Summary

Background—In view of substantial mis-estimation of risks of diabetes complications using 

existing equations, we sought to develop updated Risk Equations for Complications Of type 2 

Diabetes (RECODe).

Methods—To develop and validate these risk equations, we used data from the Action to Control 

Cardiovascular Risk in Diabetes study (ACCORD, n=9635; 2001–09) and validated the equations 

for microvascular events using data from the Diabetes Prevention Program Outcomes Study 

(DPPOS, n=1018; 1996–2001), and for cardiovascular events using data from the Action for 
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Health in Diabetes (Look AHEAD, n=4760; 2001–12). Microvascular outcomes were 

nephropathy, retinopathy, and neuropathy. Cardiovascular outcomes were myocardial infarction, 

stroke, congestive heart failure, and cardiovascular mortality. We also included all-cause mortality 

as an outcome. We used a cross-validating machine learning method to select predictor variables 

from demographic characteristics, clinical variables, comorbidities, medications, and biomarkers 

into Cox proportional hazards models for each outcome. The new equations were compared to 

older risk equations by assessing model discrimination, calibration, and the net reclassification 

index.

Findings—All equations had moderate internal and external discrimination (C-statistics 0.55–

0.84 internally, 0.57–0.79 externally) and high internal and external calibration (slopes 0.71–1.31 

between observed and estimated risk). Our equations had better discrimination and calibration 

than the UK Prospective Diabetes Study Outcomes Model 2 (for microvascular and cardiovascular 

outcomes, C-statistics 0.54–0.62, slopes 0.06–1.12) and the American College of Cardiology/

American Heart Association Pooled Cohort Equations (for fatal or non-fatal myocardial infarction 

or stroke, C-statistics 0.61–0.66, slopes 0.30–0.39).

Interpretation—RECODe might improve estimation of risk of complications for patients with 

type 2 diabetes.

Funding—National Institute for Diabetes and Digestive and Kidney Disease, National Heart, 

Lung and Blood Institute, and National Institute on Minority Health and Health Disparities, 

National Institutes of Health, and US Department of Veterans Affairs.

Introduction

Because of the risks and benefits of treatment, the care of patients with type 2 diabetes 

involves complex decision making.1 In clinical practice, guidelines for risk factor reduction 

are now often based on total risk rather than on whether or not a patient has a single 

biomarker measurement higher or lower than a threshold value.2 Hence, the accuracy of type 

2 diabetes risk equations is central to clinical care of high-risk patients. Accurate equations 

are also needed for development and assessment of practice guidelines, and for comparative 

effectiveness research, which typically uses such equations for simulation modelling and to 

assess cost-effectiveness.3–5

Although the falling rate of cardiovascular disease in high-income countries has been 

accounted for in some cardiovascular risk equations,6,7 this is not the case for many models 

of diabetes outcomes. As a result, risk of microvascular and cardiovascular complications of 

diabetes could be systematically misestimated in many populations.8 The policy of open 

data, encouraged by the US National Institutes of Health, offers an opportunity to develop 

updated risk equations. The release of individual participant data from large diabetes 

intervention trials enables development of updated equations for type 2 diabetes 

complications and mortality.

We sought to develop updated risk equations for microvascular and cardiovascular 

complications of type 2 diabetes using individual participant data from one large 

intervention study, to validate these risk equations using individual participant data from two 
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other large studies, and to compare the newly developed risk equations with older, widely 

used equations.7,9

Methods

Data for development of risk equations

We derived risk equations from individual participant data from the Action to Control 

Cardiovascular Risk in Diabetes study (ACCORD; 2001–09), which had both microvascular 

and cardiovascular outcomes.10–12 In the ACCORD study (appendix), participants were 

aged 40–79 years with type 2 diabetes and had an HbA1c of at least 7.5% (57 mmol/mol), 

and either history of cardiovascular disease or risk factors for cardiovascular disease 

(dyslipidaemia, hypertension, smoking, or obesity; table 1). Data from individual 

participants, across all study groups, were included for equation development (with dummy 

variables for study group to control for randomised treatment selection).13

Data for validation of risk equations

We validated the equations using individual participant data from the Diabetes Prevention 

Program Outcomes Study (DPPOS [1996–2001], for which only microvascular event data 

are available)14 and Action for Health in Diabetes (Look AHEAD [2001–12], for which only 

cardiovascular event data are available).15 We used data from people who developed type 2 

diabetes before or during the DPPOS. DPPOS, used for validation of the microvascular risk 

equations, was the follow-up to the randomised, controlled Diabetes Prevention Program 

(DPP) trial of metformin, troglitazone, lifestyle, or placebo (with double-blinding of 

medication groups). The Look AHEAD trial, used for validation of the cardiovascular risk 

equations, was a randomised, controlled trial of intensive lifestyle modification versus 

diabetes support and education. Detailed characteristics of the patients are provided in the 

appendix.

Outcomes

We developed separate equations for each of several microvascular and cardiovascular 

outcomes, with unique equations for each alternative definition of each outcome. 

Microvascular outcomes were nephropathy, retinopathy, and neuropathy. Separate equations 

were developed for each ACCORD definition of nephropathy: development of 

microalbuminuria (albumin:creatinine ratio of 30 mg albumin per gram creatinine or greater 

in a random urine sample); development of macroalbuminuria (albumin:creatinine ratio of 

300 mg albumin per gram or greater creatinine in random urine sample); renal failure, end-

stage renal disease (dialysis), or serum creatinine greater than 3.3 mg/dL; doubling of serum 

creatinine or greater than 20 mL/min per 1.73 m2 decrease in estimated glomerular filtration 

rate (based on the Modification of Diet in Renal Disease [MDRD] Study equation);16 a 

composite of any of macroalbuminuria, renal failure, end-stage renal disease, serum 

creatinine greater than 3.3 mg/dL, doubling of serum creatinine, or greater than 20 mL/min 

per 1.73 m2 decrease in estimated glomerular filtration rate; and a composite of any of 

microalbuminuria, macroalbuminuria, renal failure, end-stage renal disease, or serum 

creatinine greater than 3.3 mg/dL. Separate equations were developed for each ACCORD 

definition of retinopathy: retinopathy requiring photocoagulation or vitrectomy; cataract 
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extraction; three-line reduction in visual acuity; severe vision loss (<20/200 visual acuity by 

Snellen chart); and a composite of photocoagulation, vitrectomy, or severe vision loss. 

Separate equations were also developed for each ACCORD definition of neuropathy: 

Michigan Neuropathy Screening Instrument score greater than 2.0;17 vibratory sensation 

loss; ankle jerk loss; and pressure sensation loss. Our use of several endpoints helped to 

capture people with early or intermediate outcomes rather than only end-stage microvascular 

complications. Cardiovascular outcomes were a composite of atherosclerotic cardiovascular 

disease (defined as first fatal or non-fatal myocardial infarction or stroke); fatal or non-fatal 

myocardial infarction; fatal or non-fatal stroke; congestive heart failure; or death from any 

cardiovascular cause. We modelled all-cause mortality as an additional outcome.

Candidate predictor variables assessed for inclusion in equations

Candidate predictor variables for microvascular and cardiovascular outcomes were taken 

from pre-randomisation eligibility screening or clinical examination data in ACCORD. 

Candidate predictors are listed in table 1, and included dummy variables for each study 

group, which controls for whether or not the participant was on intensive or standard 

glycaemic therapy, blood pressure-lowering treatment or lipid-lowering treatment. Squared 

and interaction terms were considered by including such terms for each predictor variable in 

the variable selection process detailed below.

Development of models

We developed Cox proportional hazards models for each outcome and used elastic net 

regularisation to select predictor variables. Elastic net regularisation is a machine learning 

approach designed to select models in the context of collinearity, which often leads to 

unstable estimates from traditional stepwise selection approaches;18,19 this approach fits a 

Cox model via penalised maximum likelihood, using 10-times internal cross-validation to 

minimise the risk of overfitting. We did not include time-varying covariates because the risk 

equations are intended for use in clinical settings to assist initial treatment decisions. 

Complete case analyses were done in the base case, without imputation, as only 616 (6%) of 

9635 participants had missing values for any predictor variable. In sensitivity analyses we 

compared the results including people with missing values with those including people with 

missing values using multiple imputation with chained equations to impute missing 

covariates.20

Assessment of internal and external model performance

We assessed model discrimination with the C-statistic (area under the receiver operating 

characteristic curves for time-to-event data, using an estimator that guarantees monotonicity 

based on a nearest neighbor estimator for the bivariate distribution function of risk score and 

survival time,21 and confidence intervals estimated using influence curves22) using 10-times 

cross-validation. We assessed model calibration through the slope and intercept of the line 

between predicted and observed probabilities of each outcome by deciles of risk 

(Greenwood-D’Agostino-Nam [GND] test, a Cox model analogue to the Hosmer-Lemeshow 

test).23 The GND test non-parametrically assesses the distance between predicted and 

observed Kaplan-Meier outcome rates, so that higher p values, indicating greater 

concordance between predicted and observed outcome rates, are desirable. Owing to 
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differences in study endpoint definitions, the microvascular outcomes that were possible to 

validate externally (ie, had a matching microvascular outcome definition in ACCORD and 

DPPOS) were the composite nephropathy outcome of development of microalbuminuria, 

macroalbuminuria, renal failure, or end-stage renal disease; the retinopathy outcome of 

retinopathy requiring photocoagulation or vitrectomy; and the neuropathy outcome of 

pressure sensation loss. All cardiovascular outcomes could be validated externally with Look 

AHEAD data.

We compared predictions from our model with those from the UK Prospective Diabetes 

Study Outcomes Model 2 (UKPDS OM2) for microvascular and macrovascular outcomes9 

and the American College of Cardiology/American Heart Association (ACC/AHA) Pooled 

Cohort Equations (PCEs), which are an update of the Framingham risk equations for the 

composite cardiovascular outcome of first non-fatal or fatal myocardial infarction or stroke.7 

The UKPDS OM2 had microvascular outcome definitions compatible with the ACCORD 

dataset (but not the DPPOS dataset), but only for nephropathy and retinopathy; 

cardiovascular outcome definitions were compatible with both ACCORD and Look AHEAD 

datasets for atherosclerotic cardiovascular disease, myocardial infarction, stroke, and 

congestive heart failure. RECODe were compared with UKPDS and ACC/AHA equations 

using the net reclassification index (NRI) to assess how well each set of equations 

distinguished high-risk from low-risk patients (10-year risk ≥10% vs <10% for nephropathy, 

retinopathy, atherosclerotic cardiovascular disease, and congestive heart failure; and ≥5% vs 
<5% for myocardial infarction and stroke). The NRI is calculated as the proportion of 

individuals with the outcome who were classified as low risk for the outcome using the 

UKPDS or ACC/AHA equations but classified as high risk by RECODe minus the 

proportion of individuals who did not have the outcome who were classified as high risk by 

the UKPDS or ACC/AHA equations but classified as low risk by RECODe (ie, high positive 

values would indicate improvement with RECODe in comparison with UKPDS and 

ACC/AHA equations). We note that the NRI is only one measure of model performance, and 

has been debated in terms of its value for decision making, although it is commonly used.24 

Analyses were done using R (version 3.2.3; R Foundation for Statistical Computing, Vienna) 

and was approved before study start by the Stanford University Institutional Review Board, 

e-Protocol ID#: 39274.

Role of the funding source

The sponsors had no role in the study design; collection, analysis, or interpretation of the 

data; or writing of the report. SB, JBS, and RAH had access to the raw data. The 

corresponding author had full access to all of the data and the final responsibility to submit 

for publication.

Results

The ACCORD sample for equation development included 9635 participants (table 1); 616 

(6.0%) of 10 251 ACCORD participants were excluded due to missing candidate predictor 

variables. The mean age of participants was 62.8 years, 38.0% were women, and mean 

baseline HbA1c was 8.3% (63 mmol/mol). Participants were followed up for a median of 4.7 
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years. Of 9635 patients, 292 (3.0%) developed renal failure or end-stage renal disease, 776 

(8.1%) developed severe vision loss, 1201 (12.5%) lost pressure sensation in their feet, 880 

(9.1%) had a myocardial infarction (fatal or nonfatal), 197 (2.0%) had a stroke (fatal or non-

fatal), 454 (4.7%) developed congestive heart failure, 332 (3.4%) died from cardiovascular 

disease, and 719 (7.5%) died from any cause during the study follow-up period.

Tables 2–4 provide the RECODe coefficients and examples for calculating 10-year risk. The 

elastic net regularisation method revealed that the most important variables for predicting 

microvascular outcomes were HbA1c, followed by age and serum creatinine; and for 

predicting cardiovascular outcomes, the most important variables were history of 

cardiovascular disease, followed by age and tobacco smoking.

In internal 10-times cross-validations of the micro-vascular outcomes (table 5), RECODe C-

statistics for discrimination were a mean of 0.70 for nephropathy outcomes (range 0.60–0.84 

across outcome definitions), 0.63 for retinopathy outcomes (0.55–0.68), and 0.61 for 

neuropathy outcomes (0.57–0.64). Calibration slopes between expected and observed 

outcome rates ranged from 0.78 to 1.28 (ideal=1) and calibration intercepts ranged from 

−0.009 to 0.073 (ideal=0; table 5, figure 1). Ten of the 15 microvascular equations passed 

the GND test for calibration, and three that did not pass were for three definitions of 

nephropathy (doubling of serum creatinine or >20 mL/min per 1.73 m2 decrease in eGFR, 

macroalbuminuria, and renal failure or end-stage renal disease), and one definition of 

retinopathy (cataract extraction; table 2, table 5). The subset of equations that failed the 

GND test did so due to one subgroup with higher expected than observed outcome rates—

that is, risk for one decile of the population was mis-estimated; figure 1); the degree of error 

was nevertheless lower than for the alternative UKPDS OM2 equations.

In internal 10-times cross-validations of the cardiovascular disease outcomes (table 5), 

RECODe C-statistics for discrimination ranged from a low of 0.69 for atherosclerotic 

cardiovascular disease and fatal or non-fatal myocardial infarction to a high of 0.75 for 

congestive heart failure, and the calibration of the RECODe was high (slopes 0.96 to 1.16, 

intercepts −0.005 to 0.001). All cardiovascular outcomes passed GND tests (table 5, figure 

1). The all-cause mortality RECODe had a C-statistic of 0.70, a calibration slope of 1.03, a 

calibration intercept of −0.002, and passed the GND test.

Despite the relatively narrow inclusion and exclusion criteria in ACCORD, individual 

participant risks for both microvascular and cardiovascular risk varied dramatically, as 

shown in figure 1. Participants with high predicted microvascular risk were also more 

commonly those with higher predicted cardiovascular risk (Pearson correlation coefficients 

0.32–0.90; appendix). In sensitivity analyses, in which we included people with missing 

covariates, results did not change to within rounding error (appendix).

The study sample for validation of RECODe included 1018 DPPOS trial participants who 

developed type 2 diabetes during the study (median follow-up 6.0 years) and 4760 Look 

AHEAD trial participants with type 2 diabetes (median follow-up 10.6 years; table 1). Of the 

1018 DPPOS participants, 184 (18.1%) developed nephropathy (microalbuminuria, 

macroalbuminuria, renal failure, or end-stage renal disease), 115 (11.3%) developed 
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retinopathy (requiring photocoagulation or vitrectomy), and 120 (11.8%) developed 

neuropathy (pressure sensation loss) during follow-up. Of the 4760 Look AHEAD 

participants, 462 (9.7%) had an atherosclerotic cardiovascular disease event, 332 (7.0%) had 

a myocardial infarction (fatal or non-fatal), 157 (3.3%) had a stroke (fatal or non-fatal), 210 

(4.4%) developed congestive heart failure, 106 (2.2%) died from cardiovascular disease, and 

355 (7.5%) died from any cause during follow-up.

In external validation against DPPOS data, RECODe predicted microvascular outcomes with 

C-statistics varying from 0.57 (for retinopathy) to 0.69 (for neuropathy; table 5). Once again, 

calibration was high (all passed GND tests, table 5, figure 1). In external validation against 

Look AHEAD data, RECODe predicted cardiovascular outcomes with C-statistics ranging 

from 0.67 (for stroke) to 0.79 (for cardiovascular mortality; table 5), with calibration 

outcomes passing GND tests for myocardial infarction, stroke, and congestive heart failure 

(table 5, figure 1). The external validation of the all-cause mortality equation had a C-

statistic of 0.71 and also passed the GND test (table 5). As with ACCORD participants, 

DPPOS participants’ microvascular risks and Look AHEAD participants’ cardiovascular 

risks varied quite widely (figure 1).

Compared with the new equations, the UKPDS OM2 equations had similar or slightly worse 

discrimination for both microvascular and cardiovascular outcomes (C-statistics ranging 

from 0.54 to 0.67; table 5, figure 1). However, the UKPDS OM2 had much poorer 

calibration across all outcomes (slopes ranging from 0.06 to 1.12, intercepts from −0.038 to 

0.043, failing GND tests; table 5). The ACC/AHA PCEs also had worse discrimination for 

atherosclerotic cardiovascular disease risk than RECODe (C-statistics of 0.60 in ACCORD 

and 0.66 in Look AHEAD), and much worse calibration due to overestimating event rates 

(slopes of 0.28 in ACCORD and 0.39 in Look AHEAD, respectively; table 5).

We found a positive NRI for RECODe compared with either of the older sets of equations 

for every outcome (figure 2; appendix). The positive NRI results were particularly driven by 

the fact that older equations tended to overestimate risk of people who were actually low 

risk, whereas RECODe correctly identified people at low risk.

Discussion

We developed risk equations for microvascular and cardiovascular complications of type 2 

diabetes using data commonly available in clinical practice. These new equations updated 

previously existing equations using newer, publicly available data through replicable open-

source statistical code and an online risk calculator.25 We developed the equations through 

rigorous cross-validation techniques to avoid overfitting and overestimation of 

discrimination statistics. We rigorously externally validated where possible, and successfully 

distinguished high-risk from low-risk patients more accurately than previous equations. 

Unlike previous studies, our external validation steps used individual patient data rather than 

aggregate study outcomes.8

Commonly used existing equations, such as those in the UKPDS OM2, were based on older 

cohorts (eg, the UKPDS began follow-up in 1977) than ACCORD, on which our equations 
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were based.9 Substantial changes in diabetes demographics (eg, younger age at diagnosis) 

and treatment (eg, earlier therapy and aggressive management according to cardiovascular 

disease risk) in the decades since UKPDS was started mean that estimates are difficult to 

apply in modern settings. The UKPDS equations, for instance, typically overestimated risk 

by 2–4 times in our assessment. The ACC/AHA equations do not include microvascular 

complications, omit important covariates not widely available in their development datasets 

(eg, statin treatment), and substantially overestimate risk, possibly due to older data used to 

derive the equations.26–28 RECODe are derived from more recent data so might mitigate 

such problems.

Wide, but consistently predictable, variation in risk was observed even within seemingly 

similar trial populations that were subject to strict inclusion and exclusion criteria. Given 

how different the entry criteria were across studies (high-risk in ACCORD, newly diagnosed 

in DPPOS, and low-risk in Look AHEAD), the consistent discrimination and calibration of 

the multivariable RECODe attest to high generalisability of the equations. The likelihood is 

low that we have developed equations with high internal discrimination but with poor 

generalisability.

We observed strong correlations between those at high microvascular risk and those at high 

cardiovascular risk. Furthermore, multiple risk factors contributed to high risk among 

microvascular and cardiovascular outcome, indicating the utility of multivariable risk scores 

over single biomarker values for guiding treatment.29

The results of this study should nevertheless be interpreted in light of several limitations. 

Although our focus was on calibration (ensuring that risk predictions were in the correct 

range of observed outcome rates), we also calculated discrimination (distinguishing high 

risk from low risk) using C-statistics through a 10-times internal cross-validation method 

that will tend to have a lower C-statistic (usually by 0.0530) than when calculated with the 

whole sample. Although the C-statistic is imperfect and might change over time,31 its value 

was lower than desired for some of our equations, and lower than some other equations for 

all-cause mortality tested among other populations.32

Both the development and validation of the equations were done using data from randomised 

clinical trials, which enhances the internal validity of the equations given careful 

adjudication of clinical endpoints (unlike electronic medical record data in which diagnoses 

are wrong or missing), but might limit generalisability if risk factors for complications 

operate in a substantially different manner in populations that are not included in the trials. 

Although both trial and observational datasets have patients on intensive treatment regimens, 

observational datasets suffer from selection biases as to which patients are on intensive 

treatment; by contrast, the trial data used here allowed adjustment for random assignment to 

intensive treatment for glycaemic control, blood pressure lowering, and lipid lowering, thus 

avoiding selection bias. Furthermore, we did internal and external validation across studies 

with diverse participant characteristics, with notable variations in both microvascular and 

cardiovascular risk within and between the ACCORD, DPPOS, and Look AHEAD 

participants. Nevertheless, due to differences in study endpoint definitions, we could only 

validate a subset of possible microvascular endpoint definitions. Patient-relevant definitions 
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of clinical outcomes might not be fully concordant with clinical trial definitions; for 

example, the degree of pain associated with neuropathy could be more important for patients 

than neurological examination findings.33,34 Observer errors and laboratory measurement 

variability can lead to further uncertainty. The data were also limited to US populations so 

RECODe might generalise poorly to international contexts. For example, laboratory 

biomarkers might not be routinely measured in some settings; however, we did not derive 

equations that omitted laboratory biomarker data.

The data used in this study were collected before widespread use of some diabetes therapies, 

such as glucagon-like peptide-1 receptor agonists and sodium-glucose co-transporter-2 

inhibitors. These newer agents have been suggested to reduce cardiovascular risk and their 

benefits and risks may not be fully captured by single biomarker values such as HbA1c.35–38 

Additional important omitted variables might further help explain microvascular and 

cardiovascular risk and could be considered for inclusion in RECODe once additional data 

become available; these include insulin resistance, cardiovascular measurements such as 

carotid intima-media thickness, and emerging biomarkers. Inclusion of such variables in the 

risk equations could, however, reduce their broad clinical utility.

The next logical step for research is to further validate RECODe in longitudinal cohort 

datasets. Unlike the trial data that were used for derivation and validation in this study, these 

data are not yet publicly available. Such further validation could also to test the equations 

over longer time periods than was possible using available trial data.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research in context

Evidence before this study

Population-based clinical care strategies promote outreach to individuals with a high risk 

of type 2 diabetes complications, to provide support and encourage treatment decisions 

that might lower risk. Tailoring therapy based on informed risk estimation might reduce 

complications of type 2 diabetes, complications induced by treatment itself, and overall 

costs of treatment and management of complications. However, commonly used risk 

equations systematically mis-estimate the risk of both microvascular and cardiovascular 

complications among diverse participants. The RECODe equations were derived and 

validated on all three National Institutes for Health-funded type 2 diabetes studies for 

which publicly available, de-identified individual participant data have been released, 

permitting a high level of transparency and replicability. Derivation and validation of risk 

equations from these data can enhance the internal validity of the equations, given careful 

adjudication of clinical endpoints. We compared the new equations with the UK 

Prospective Diabetes Study Outcomes Model 2 (UKPDS OM2) and American College of 

Cardiology/American Heart Association pooled cohort equations (ACC/AHA) risk scores 

because the latter two are the most commonly used risk equations presently for 

evaluating microvascular and cardiovascular risk among persons with type 2 diabetes.

Added value of this study

We developed Risk Equations for Complications Of type 2 Diabetes (RECODe) that use 

data commonly available in clinical practice to estimate risk of microvascular and 

cardiovascular disease outcomes. RECODe better estimated microvascular and 

cardiovascular outcomes when compared with older risk equations (UKPDS OM2/AHA 

pooled cohort equations) using clinical trial datasets different from those used to develop 

RECODe. We also produced an online risk calculator.

Implications of all the available evidence

Updated risk equations for complications of type 2 diabetes might be helpful for risk 

prediction to provide outreach to high-risk patients, and for comparative effectiveness 

research that relies on risk equations to simulate treatment guidelines and cost-

effectiveness of interventions.
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Figure 1. Calibration plots
Kaplan-Meier event rates over 10 years predicted by RECODe versus observed rates in the 

ACCORD study (n=9635, 2001–09), DPPOS (n=1018, 1996–2001), and Look AHEAD 

study (n=4760, 2001–12). Predictions using UKPDS OM2 and the ACC/AHA PCEs for 

atherosclerotic cardiovascular disease (non-fatal or fatal myocardial infarction or stroke) are 

presented if available. Points are displayed for deciles of predicted and observed Kaplan-

Meier event rates, with fewer centiles than deciles used if fewer than 5 events were observed 

per group or to prevent unstable inferences per guidelines. ACCORD=Action to Control 
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Cardiovascular Risk in Diabetes study. ACC/AHA PCEs=American College of Cardiology/

American Heart Association Pooled Cohort Equations. DPPOS=Diabetes Prevention 

Program Outcomes Study. Look AHEAD=Action for Health in Diabetes study. ESRD=end-

stage renal disease. MNSI=Michigan Neuropathy Screening Instrument. RECODe=Risk 

Equations for Complications Of type 2 Diabetes. UKPDS OM2=United Kingdom 

Prospective Diabetes Study Outcomes Model 2.
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Figure 2. Outcome classification by RECODe versus UKPDS OM2
Number of people correctly classified or misclassified as high risk or low risk using 

RECODe versus UKPDS OM2 in (A) ACCORD and (B) Look AHEAD. RECODe=Risk 

Equations for Complications Of type 2 Diabetes. ACCORD=Action to Control 

Cardiovascular Risk in Diabetes. Look AHEAD=Action for Health in Diabetes.
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Table 1

Baseline characteristics

ACCORD
(n=9635)

DPPOS
(n=1018)

Look AHEAD
(n=4760)

Demographics

Age, years     62.8 (6.7) 50.9 (8.0)     58.9 (6.7)

 Aged 75 years or older 521 (5%) 0   31 (1%)

Sex

 Women 3662 (38%) 680 (67%) 2784 (59%)

 Men 5973 (62%) 338 (33%) 1976 (42%)

Ethnicity

 Black 1834 (19%) 244 (24%) 776 (16%)

 Hispanic or Latino 678 (7%) 175 (17%) 670 (14%)

Clinical features

Tobacco smoking, current 1179 (12%) 52 (5%)  202 (4%)

BMI, kg/m2 32.2 (5.4) 33.9 (5.9)    36.0 (5.9)

Blood pressure, seated

 Systolic, mm Hg 136.5 (17.1)  123.7 (14.0) 129.0 (17.1)

 Diastolic, mm Hg 74.9 (10.7) 76.4 (8.8) 70.2 (9.5)

 Pulse pressure, mm Hg 61.5 (14.6)   47.8 (12.1)   58.9 (14.3)

Heart rate, beats/min 72.7 (11.8) N/A            71.4 (11.4)

History of cardiovascular disease 3437 (36%) 12 (1%) 665 (14%)

Drug use

Blood pressure-lowering drugs 8109 (84%) 770 (76%) 3410 (72%)

Oral diabetes drugs (including metformin) 8024 (83%) 336 (33%) 3246 (68%)

Insulin treatment 3403 (35%) N/A          724 (15%)

Statins 6148 (64%) 721 (71%) 2142 (45%)

Fibrates 601 (6%) N/A          324 (7%)

Anticoagulant use 303 (3%) N/A          N/A        

Non-steroidal anti-inflammatory use 851 (9%) N/A          N/A        

Platelet aggregate inhibitor use 466 (5%) N/A          N/A        

Daily aspirin use 5274 (55%) N/A          2140 (45%)

Biomarkers

HbA1c, % 8.3 (1.1) 6.1 (0.7) 7.3 (1.2)

HbA1c, mmol/mol 67 (9)     43 (5)     56 (9)     

Total cholesterol, mg/dL 183.2 (41.7) 196.0 (43.7) 191.4 (37.3)

HDL cholesterol, mg/dL 41.8 (11.6) 46.0 (12.3) 43.5 (11.9)

LDL cholesterol, mg/dL 104.7 (33.8) 99.5 (27.3) 112.7 (32.1)

Triglycerides, mg/dL 190.7 (145.8) 162.7 (256.8) N/A        
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ACCORD
(n=9635)

DPPOS
(n=1018)

Look AHEAD
(n=4760)

Fasting plasma glucose, mg/dL 175.3 (55.8) 115.8 (22.7) 153.2 (45.6)

Alanine aminotransferase, IU/L 27.5 (16.0) N/A          N/A          

Creatine phosphokinase, IU/L 140.3 (130.2) N/A          N/A          

Serum potassium, mmol/L 4.5 (0.5) N/A          N/A          

Serum creatinine, mg/dL 0.9 (0.2) 0.8 (0.2) 0.8 (0.2)

Estimated glomerular filtration rate, mL/min/1.73 m2 90.9 (27.3) 98.8 (15.7) 89.9 (16.1)

Urine albumin, mg/dL 10.7 (37.3) 10.8 (6.4) 4.8 (23.0)

Urine creatinine, mg/dL 127.3 (65.4) 123.3 (73.6) 121.0 (67.0)

Urine albumin:creatinine ratio, mg/g 99.2 (359.4) N/A        43.1 (201.5)

Data are mean (SD) or n (%). N/A=not available in the dataset.

Lancet Diabetes Endocrinol. Author manuscript; available in PMC 2018 January 16.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Basu et al. Page 18

Ta
b

le
 2

C
oe

ff
ic

ie
nt

s 
fo

r 
ne

ph
ro

pa
th

y 
an

d 
re

tin
op

at
hy

 o
ut

co
m

es
 u

si
ng

 R
E

C
O

D
e

N
ep

hr
op

at
hy

R
et

in
op

at
hy

M
ic

ro
-

al
bu

m
in

ur
ia

(n
=1

55
1)

M
ac

ro
-

al
bu

m
in

ur
ia

(n
=6

27
)

R
en

al
 f

ai
lu

re
or

 e
nd

-s
ta

ge
re

na
l d

is
ea

se
(n

=2
92

)

D
ou

bl
in

g 
of

se
ru

m
cr

ea
ti

ni
ne

 o
r

>2
0 

m
L

/m
in

pe
r 

1.
73

 m
2

de
cr

ea
se

 in
eG

F
R

(n
=5

91
0)

M
ac

ro
-

al
bu

m
in

ur
ia

, r
en

al
fa

ilu
re

, e
nd

-s
ta

ge
re

na
l d

is
ea

se
,

do
ub

lin
g 

of
 s

er
um

cr
ea

ti
ni

ne
, o

r
>2

0 
m

L
/m

in
 p

er
1.

73
 m

2  
de

cr
ea

se
in

 e
G

F
R

 (
n=

61
95

)

M
ic

ro
-

al
bu

m
in

ur
ia

,
m

ac
ro

-
al

bu
m

in
ur

ia
,

re
na

l f
ai

lu
re

,
or

 e
nd

-s
ta

ge
re

na
l d

is
ea

se
(n

=2
32

1)

P
ho

to
-

co
ag

ul
at

io
n

or vi
tr

ec
to

m
y

(n
=9

01
)

C
at

ar
ac

t
ex

tr
ac

ti
on

(n
=1

47
6)

T
hr

ee
-l

in
e

re
du

ct
io

n 
in

vi
su

al
 a

cu
it

y
(n

=3
55

9)

Se
ve

re
 v

is
io

n
lo

ss
 (

n=
77

6)
P

ho
to

-
co

ag
ul

at
io

n
or vi

tr
ec

to
m

y,
or

 s
ev

er
e

vi
si

on
 lo

ss
(n

=1
46

8)

D
em

og
ra

ph
ic

s

A
ge

, y
ea

rs
  0

.0
21

14
  0

.0
07

33
−

0.
01

93
8

  0
.0

12
22

  0
.0

11
63

  0
.0

19
79

−
0.

00
33

26
  0

.0
74

57
  0

.0
14

52
  0

.0
22

85
  0

.0
09

69

W
om

en
  0

.1
69

56
  0

.2
73

80
−

0.
01

12
9

−
0.

60
46

0
−

0.
56

14
3

  0
.1

03
90

  0
.1

71
87

  0
.2

75
10

  0
.0

76
00

  0
.2

26
40

  0
.2

25
58

E
th

ni
ci

ty

 
B

la
ck

−
0.

00
80

4
−

0.
00

55
6

  0
.0

88
12

  0
.3

46
10

  0
.2

95
59

−
0.

02
65

0
  0

.0
56

55
−

0.
24

96
0

−
0.

10
65

0
−

0.
16

77
0

−
0.

06
50

2

 
H

is
pa

ni
c 

or
 L

at
in

o
  0

.1
73

42
  0

.3
56

30
  0

.2
33

80
−

0.
13

60
0

−
0.

09
17

8
  0

.2
40

12
  .

.
  .

.
  .

.
  .

.
  .

.

C
lin

ic
al

 f
ea

tu
re

s

To
ba

cc
o 

sm
ok

in
g,

 c
ur

re
nt

  0
.2

83
62

  0
.1

00
10

  0
.1

48
30

−
0.

08
67

5
−

0.
06

69
1

  0
.2

65
23

  .
.

  .
.

  .
.

  .
.

  .
.

Sy
st

ol
ic

 b
lo

od
 p

re
ss

ur
e,

 m
m

 H
g

  0
.0

03
34

−
0.

00
10

1
  0

.0
03

03
  0

.0
08

28
  0

.0
08

88
  0

.0
01

20
  0

.0
12

28
  0

.0
01

46
  0

.0
01

38
  0

.0
08

24
  0

.0
10

90

C
ar

di
ov

as
cu

la
r 

di
se

as
e 

hi
st

or
y

  0
.2

23
12

  0
.2

55
70

−
0.

02
16

4
  0

.1
95

60
  0

.0
19

01
2

  0
.1

80
20

  0
.2

83
50

  0
.2

83
50

−
0.

04
09

2
  0

.1
12

7
  0

.2
18

6

D
ru

g 
us

e

B
lo

od
 p

re
ss

ur
e-

 lo
w

er
in

g 
dr

ug
s

  0
.2

83
72

  0
.2

41
80

−
0.

07
95

2
  0

.1
48

60
  0

.1
85

83
  0

.2
94

53
  0

.2
06

91
  0

.1
04

20
−

0.
00

18
8

  0
.0

63
93

  0
.1

80
19

O
ra

l d
ia

be
te

s 
dr

ug
s

  0
.0

65
84

  0
.0

90
15

−
0.

12
56

0
  0

.1
16

10
  0

.0
81

34
  0

.0
47

87
−

0.
40

74
6

−
0.

16
67

0
  0

.0
60

02
−

0.
23

49
0

−
0.

31
71

5

A
nt

ic
oa

gu
la

nt
s

  0
.4

21
99

  0
.0

10
91

  0
.0

31
99

  0
.0

47
88

  0
.0

14
98

  0
.4

22
6

  .
.

  .
.

  .
.

  .
.

  .
.

B
io

m
ar

ke
rs

H
bA

1c
, %

  0
.1

38
47

  0
.0

96
39

  0
.1

36
90

  0
.1

02
90

  0
.1

03
64

  0
.1

33
57

  0
.2

23
39

  0
.0

96
59

  0
.0

93
46

  0
.1

44
9

  0
.1

72
49

To
ta

l c
ho

le
st

er
ol

, m
g/

dL
  0

.0
00

34
  0

.0
00

09
−

0.
00

11
1

  0
.0

00
11

  0
.0

00
64

  0
.0

00
38

−
0.

00
14

1
−

0.
00

10
4

−
0.

00
04

7
−

0.
00

01
7

−
0.

00
10

6

H
D

L
 c

ho
le

st
er

ol
, m

g/
dL

−
0.

00
97

0
−

0.
01

13
5

  0
.0

06
29

−
0.

00
59

0
−

0.
00

52
1

−
0.

00
64

9
  0

.0
11

81
  0

.0
07

32
  0

.0
00

15
  0

.0
05

45
  0

.0
08

45

Se
ru

m
 c

re
at

in
in

e,
 m

g/
dL

  0
.6

70
26

  1
.1

49
00

  0
.8

60
90

−
3.

41
10

0
−

2.
89

89
3

  0
.4

60
67

  0
.8

15
82

  0
.2

83
5

  0
.0

65
86

  0
.6

94
70

  0
.8

44
81

Lancet Diabetes Endocrinol. Author manuscript; available in PMC 2018 January 16.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Basu et al. Page 19

N
ep

hr
op

at
hy

R
et

in
op

at
hy

M
ic

ro
-

al
bu

m
in

ur
ia

(n
=1

55
1)

M
ac

ro
-

al
bu

m
in

ur
ia

(n
=6

27
)

R
en

al
 f

ai
lu

re
or

 e
nd

-s
ta

ge
re

na
l d

is
ea

se
(n

=2
92

)

D
ou

bl
in

g 
of

se
ru

m
cr

ea
ti

ni
ne

 o
r

>2
0 

m
L

/m
in

pe
r 

1.
73

 m
2

de
cr

ea
se

 in
eG

F
R

(n
=5

91
0)

M
ac

ro
-

al
bu

m
in

ur
ia

, r
en

al
fa

ilu
re

, e
nd

-s
ta

ge
re

na
l d

is
ea

se
,

do
ub

lin
g 

of
 s

er
um

cr
ea

ti
ni

ne
, o

r
>2

0 
m

L
/m

in
 p

er
1.

73
 m

2  
de

cr
ea

se
in

 e
G

F
R

 (
n=

61
95

)

M
ic

ro
-

al
bu

m
in

ur
ia

,
m

ac
ro

-
al

bu
m

in
ur

ia
,

re
na

l f
ai

lu
re

,
or

 e
nd

-s
ta

ge
re

na
l d

is
ea

se
(n

=2
32

1)

P
ho

to
-

co
ag

ul
at

io
n

or vi
tr

ec
to

m
y

(n
=9

01
)

C
at

ar
ac

t
ex

tr
ac

ti
on

(n
=1

47
6)

T
hr

ee
-l

in
e

re
du

ct
io

n 
in

vi
su

al
 a

cu
it

y
(n

=3
55

9)

Se
ve

re
 v

is
io

n
lo

ss
 (

n=
77

6)
P

ho
to

-
co

ag
ul

at
io

n
or vi

tr
ec

to
m

y,
or

 s
ev

er
e

vi
si

on
 lo

ss
(n

=1
46

8)

U
ri

ne
 a

lb
um

in
:c

re
at

in
in

e 
ra

tio
, m

g/
g

  .
.

  0
.0

13
35

  0
.0

00
36

  0
.0

00
21

  .
.

  .
.

  .
.

  0
.0

00
16

  0
.0

00
16

  0
.0

00
20

  .
.

A
ll 

ri
sk

 f
ac

to
rs

 li
st

ed
 in

 ta
bl

e 
1 

w
er

e 
co

ns
id

er
ed

 f
or

 in
cl

us
io

n;
 th

e 
on

es
 li

st
ed

 in
 ta

bl
es

 2
 a

nd
 3

 w
er

e 
se

le
ct

ed
 f

or
 in

cl
us

io
n.

 T
he

 1
0-

ye
ar

 r
is

k 
of

 a
n 

ou
tc

om
e 

ca
n 

be
 c

om
pu

te
d 

as
 1

 −
 λ

^e
xp

(Σ
(β

×
x)

 −
 m

ea
n(

Σ(
β 

×
 x

))
),

 w
he

re
 β

 a
re

 th
e 

eq
ua

tio
n 

co
ef

fi
ci

en
ts

 a
nd

 x
 a

re
 th

e 
va

lu
es

 f
or

 
ea

ch
 c

ov
ar

ia
te

 f
or

 a
n 

in
di

vi
du

al
 p

at
ie

nt
 w

ith
in

 th
e 

co
ho

rt
 u

nd
er

 s
tu

dy
. λ

 v
al

ue
s 

fo
r 

th
e 

m
os

t c
lin

ic
al

ly
 r

el
ev

an
t o

ut
co

m
es

 o
f 

re
na

l f
ai

lu
re

 o
r 

en
d-

st
ag

e 
re

na
l d

is
ea

se
, a

nd
 s

ev
er

e 
vi

si
on

 lo
ss

 a
re

: 0
.9

73
 f

or
 r

en
al

 f
ai

lu
re

 o
r 

en
d-

st
ag

e 
re

na
l d

is
ea

se
, a

nd
 0

.9
21

 f
or

 v
is

io
n 

lo
ss

, a
nd

 
co

rr
es

po
nd

in
g 

va
lu

es
 o

f 
m

ea
n(

Σ(
β×

x)
) 

w
er

e 
0.

23
 f

or
 r

en
al

 f
ai

lu
re

 o
r 

en
d-

st
ag

e 
re

na
l d

is
ea

se
, a

nd
 4

.5
6 

fo
r 

vi
si

on
 lo

ss
. F

or
 e

xa
m

pl
e,

 a
 6

0-
ye

ar
-o

ld
 n

on
-s

m
ok

in
g 

w
hi

te
 m

an
 w

ith
 s

ys
to

lic
 b

lo
od

 p
re

ss
ur

e 
14

0 
m

m
 H

g,
 w

ith
ou

t h
is

to
ry

 o
f 

ca
rd

io
va

sc
ul

ar
 d

is
ea

se
, n

ot
 o

n 
an

y 
m

ed
ic

at
io

ns
, 

an
d 

w
ith

 H
bA

1c
 o

f 
8%

, t
ot

al
 c

ho
le

st
er

ol
 o

f 
19

0 
m

g/
dL

, H
D

L
 o

f 
50

 m
g/

dL
, s

er
um

 c
re

at
in

in
e 

1.
1 

m
g/

dL
, a

nd
 u

ri
ne

 m
ic

ro
al

bu
m

in
:c

re
at

in
in

e 
ra

tio
 o

f 
10

 m
g/

g 
w

ou
ld

 h
av

e 
a 

ri
sk

 o
f 

re
na

l f
ai

lu
re

/e
nd

-s
ta

ge
 r

en
al

 d
is

ea
se

 o
f 

1–
0.

97
3^

ex
p(

−
0.

01
93

8 
×

 6
0 

+
 0

.0
03

02
7 

×
 1

40
 +

 0
.1

36
9 

×
 

8-
0.

00
11

12
 ×

 1
90

 +
 0

.0
06

28
9 

×
 5

0 
+

 0
.8

60
9 

×
 1

.1
 +

 0
.0

00
36

2 
×

 1
0−

0.
23

) 
=

 0
.0

85
 o

r 
a 

8.
5%

 1
0-

ye
ar

 r
is

k,
 w

he
re

 0
.2

3 
is

 th
e 

m
ea

n(
Σ(

β×
x)

).
 P

eo
pl

e 
w

ith
ou

t a
 k

no
w

n 
co

va
ri

at
e 

ca
n 

ha
ve

 th
e 

as
so

ci
at

ed
 te

rm
 o

m
itt

ed
 f

ro
m

 th
e 

eq
ua

tio
ns

 to
 e

na
bl

e 
ca

lc
ul

at
io

n 
of

 r
is

k 
w

ith
ou

t t
he

 
m

is
si

ng
 d

at
a.

 R
E

C
O

D
e=

R
is

k 
E

qu
at

io
ns

 f
or

 C
om

pl
ic

at
io

ns
 o

f 
ty

pe
 2

 D
ia

be
te

s.

Lancet Diabetes Endocrinol. Author manuscript; available in PMC 2018 January 16.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Basu et al. Page 20

Table 3

Coefficients for neuropathy outcomes using RECODe

MNSI >2 (n=3221) Vibratory 
sensation loss 
(n=2034)

Ankle jerk loss 
(n=3135)

Pressuresensation loss (n=1201)

Demographics

Age, years   0.02434   0.04640   0.01832   0.03022

Women −0.10030 −0.29080 −0.08671 −0.18680

Ethnicity

 Black −0.22500 −0.17970 −0.1918 −0.09448

 Hispanic or Latino   ..   ..   ..   ..

Clinical features

Systolic blood pressure, mm Hg −0.00414   0.00304 −0.00291   0.00456

History of cardiovascular disease −0.06334   0.17080 −0.07515   0.26672

Drug use

Blood pressure-lowering drugs   0.18210   0.12220   0.06106   0.18192

Oral diabetes drugs −0.08004 −0.23430 −0.02732 −0.25747

Biomarkers

HbA1c, %   0.04517   0.07833   0.03741   0.18866

Total cholesterol, mg/dL −0.00044   0.00031 −0.00016   0.00219

HDL cholesterol, mg/dL −0.00807 −0.00513 −0.00603 −0.00539

Serum creatinine, mg/dL   0.07714   0.38360   0.01232   0.60442

Urine albumin:creatinine ratio, mg/g   0.00010   0.00013   0.00007   ..

All risk factors listed in table 1 were considered for inclusion; the ones listed in tables 2 and 3 were selected for inclusion. The 10-year risk of an 
outcome can be computed as 1 − λ^exp(Σ(β×x) − mean(Σ(β × x))), where β are the equation coefficients and x are the values for each covariate for 
an individual patient within the cohort under study. λ value for the most clinically relevant outcome of loss of pressure sensation was 0.870, and 
corresponding value of mean(Σ(β × x)) was 4.75 for loss of pressure sensation. For example, a 60-year old white man with systolic blood pressure 
140 mm Hg, without history of cardiovascular disease, not on any medications, and with HbA1c of 8%, total cholesterol of 190 mg/dL, HDL of 50 

mg/dL, and serum creatinine 1.1 mg/dL would have a risk of pressure sensation loss of 1 − 0.87^exp(3.022e − 02 × 60 + 4.561e − 03 ×140 
+ 1.887e − 01 × 8 + 2.185e − 03 × 190 − 5.389e − 03 × 50 + 6.044e − 01 × 1.1 − 4.75) =0.13, or 13% 10-year risk, where 4.75 is the mean(Σ(β × 
x)). People without a known covariate can have the associated term omitted from the equations to enable calculation of risk without the missing 
data. RECODe=Risk Equations for Complications of type 2 Diabetes. MNSI=Michigan Neuropathy Screening Instrument.

Lancet Diabetes Endocrinol. Author manuscript; available in PMC 2018 January 16.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Basu et al. Page 21

Ta
b

le
 4

C
oe

ff
ic

ie
nt

s 
fo

r 
ou

tc
om

es
 o

f 
R

E
C

O
D

e 
fo

r 
m

ac
ro

va
sc

ul
ar

 o
ut

co
m

es

A
SC

V
D

 (
n=

10
53

)
M

I 
(f

at
al

 o
r 

no
n-

fa
ta

l;
 n

=8
80

)
St

ro
ke

 (
fa

ta
l o

r 
no

n-
fa

ta
l;

 n
=1

97
)

C
H

F
 (

n=
45

4)
C

ar
di

ov
as

cu
la

r 
m

or
ta

lit
y 

(n
=3

32
)

A
ll-

ca
us

e 
m

or
ta

lit
y 

(n
=7

19
)

D
em

og
ra

ph
ic

s

A
ge

, y
ea

rs
  0

.0
34

12
  0

.0
43

63
  0

.0
28

96
  0

.0
52

68
  0

.0
55

01
  0

.0
67

03

W
om

en
−

0.
16

72
0

−
0.

20
66

0
−

0.
00

32
6

  0
.2

52
90

−
0.

30
56

0
−

0.
15

29
0

E
th

ni
ci

ty

 
B

la
ck

−
0.

11
87

0
−

0.
11

63
0

  0
.2

71
60

−
0.

04
96

9
  0

.0
79

57
−

0.
02

39
3

C
lin

ic
al

 f
ea

tu
re

s

To
ba

cc
o 

sm
ok

in
g,

 c
ur

re
nt

  0
.1

51
00

  0
.2

35
80

  0
.1

66
50

  0
.2

90
50

−
0.

05
76

4
  0

.5
39

9

Sy
st

ol
ic

 b
lo

od
 p

re
ss

ur
e,

 m
m

 H
g

  0
.0

00
07

−
0.

00
51

4
  0

.0
16

59
  0

.0
01

21
−

0.
00

39
4

−
0.

00
29

9

H
is

to
ry

 o
f 

ca
rd

io
va

sc
ul

ar
 d

is
ea

se
  0

.7
78

40
  0

.9
61

80
  0

.4
13

80
1.

00
70

0
1.

01
60

0
  0

.5
88

80

D
ru

g 
us

e

B
lo

od
 p

re
ss

ur
e-

lo
w

er
in

g 
dr

ug
s

  0
.0

55
79

−
0.

12
48

0
  0

.1
59

80
  0

.6
38

90
−

0.
15

77
0

  0
.0

87
76

St
at

in
s

−
0.

03
36

1
  0

.0
46

99
−

0.
18

87
0

−
0.

11
75

0
−

0.
20

45
0

−
0.

26
81

0

A
nt

ic
oa

gu
la

nt
s

  0
.2

52
40

  0
.5

44
00

−
0.

13
87

0
  0

.7
36

50
  0

.6
94

60
  0

.4
03

60

B
io

m
ar

ke
rs

H
bA

1c
, %

  0
.1

71
60

  0
.2

13
50

  0
.3

36
50

  0
.2

09
20

  0
.2

45
40

  0
.1

65
90

To
ta

l c
ho

le
st

er
ol

, m
g/

dL
  0

.0
01

93
  0

.0
00

19
  0

.0
01

71
−

0.
00

13
6

−
0.

00
12

7
−

0.
00

09
5

H
D

L
 c

ho
le

st
er

ol
, m

g/
dL

−
0.

00
83

7
−

0.
01

35
8

−
0.

00
63

9
−

0.
01

75
8

−
0.

01
08

1
−

0.
00

43
8

Se
ru

m
 c

re
at

in
in

e,
 m

g/
dL

  0
.4

35
50

  0
.0

80
27

  0
.5

95
50

  0
.8

21
40

  0
.4

54
40

  0
.3

59
70

U
ri

ne
 a

lb
um

in
:c

re
at

in
in

e 
ra

tio
, m

g/
g

  0
.0

00
33

  0
.0

00
42

  0
.0

00
30

  0
.0

00
41

  0
.0

00
47

  0
.0

00
39

A
ll 

ri
sk

 f
ac

to
rs

 li
st

ed
 in

 ta
bl

e 
1 

w
er

e 
co

ns
id

er
ed

 f
or

 in
cl

us
io

n;
 th

e 
on

es
 li

st
ed

 in
 ta

bl
e 

4 
w

er
e 

se
le

ct
ed

 f
or

 in
cl

us
io

n.
 T

he
 1

0-
ye

ar
 r

is
k 

of
 e

ac
h 

ou
tc

om
e 

ca
n 

be
 c

om
pu

te
d 

as
 1

−
λ

^e
xp

(Σ
(β

 ×
 x

) 
−

 m
ea

n(
Σ(

β 
×

 
x)

))
, w

he
re

 β
 a

re
 th

e 
eq

ua
tio

n 
co

ef
fi

ci
en

ts
 a

nd
 x

 a
re

 th
e 

va
lu

es
 f

or
 e

ac
h 

co
va

ri
at

e 
fo

r 
an

 in
di

vi
du

al
 p

at
ie

nt
 w

ith
in

 th
e 

co
ho

rt
 u

nd
er

 s
tu

dy
. λ

 v
al

ue
s 

w
er

e 
0.

85
 f

or
 A

SC
V

D
, 0

.9
3 

fo
r 

fa
ta

l o
r 

no
n-

fa
ta

l M
I,

 0
.9

8 
fo

r 
fa

ta
l o

r 
no

n-
fa

ta
l s

tr
ok

e,
 0

.9
6 

fo
r 

C
H

F,
 0

.9
7 

fo
r 

ca
rd

io
va

sc
ul

ar
 m

or
ta

lit
y,

 a
nd

 0
.9

3 
fo

r 
al

l-
ca

us
e 

m
or

ta
lit

y,
 a

nd
 m

ea
n(

Σ(
β 

×
 x

))
) 

va
lu

es
 w

er
e 

3.
65

 f
or

 A
SC

V
D

, 2
.9

2 
fo

r 
fa

ta
l o

r 
no

n-
fa

ta
l M

I,
 6

.9
6 

fo
r 

fa
ta

l 
or

 n
on

-f
at

al
 s

tr
ok

e,
 5

.1
5 

fo
r 

C
H

F,
 3

.9
7 

fo
r 

ca
rd

io
va

sc
ul

ar
 m

or
ta

lit
y,

 a
nd

 4
.6

6 
fo

r 
al

l-
ca

us
e 

m
or

ta
lit

y 
in

 th
e 

va
lid

at
io

n 
st

ud
y.

 F
or

 e
xa

m
pl

e,
 a

 6
0-

ye
ar

-o
ld

 w
hi

te
 m

an
 w

ith
 s

ys
to

lic
 b

lo
od

 p
re

ss
ur

e 
14

0 
m

m
 H

g,
 

w
ith

ou
t h

is
to

ry
 o

f 
C

V
D

, n
ot

 o
n 

an
y 

m
ed

ic
at

io
ns

, a
nd

 w
ith

 H
bA

1c
 o

f 
8%

, t
ot

al
 c

ho
le

st
er

ol
 o

f 
19

0 
m

g/
dL

, H
D

L
 o

f 
50

 m
g/

dL
, s

er
um

 c
re

at
in

in
e 

1.
1 

m
g/

dL
, a

nd
 u

ri
ne

 a
lb

um
in

:c
re

at
in

in
e 

ra
tio

 o
f 

10
 m

g/
g,

 

w
ou

ld
 h

av
e 

an
 a

ll-
ca

us
e 

m
or

ta
lit

y 
ri

sk
 o

f 
1−

0.
93

^e
xp

(6
.7

03
e−

02
 ×

 6
0−

2.
98

8e
−

03
 ×

 1
40

 +
 1

.6
59

e−
01

 ×
 8

−
9.

47
8e

−
04

 ×
 1

90
−

4.
37

8e
−

03
 ×

 5
0 

+
 3

.5
97

e−
01

 ×
 1

.1
 +

 3
.8

89
e−

04
 ×

 1
0−

4.
66

)=
0.

09
, o

r 
9%

 1
0-

ye
ar

 r
is

k,
 w

he
re

 4
.6

6 
is

 th
e 

m
ea

n(
Σ(

β 
×

 x
))

. P
eo

pl
e 

w
ith

ou
t a

 k
no

w
n 

co
va

ri
at

e 
ca

n 
ha

ve
 th

e 
as

so
ci

at
ed

 te
rm

 o
m

itt
ed

 f
ro

m
 th

e 
eq

ua
tio

ns
 to

 e
na

bl
e 

ca
lc

ul
at

io
n 

of
 r

is
k 

w
ith

ou
t t

he
 m

is
si

ng
 d

at
a.

 A
n 

on
lin

e 
ri

sk
 

Lancet Diabetes Endocrinol. Author manuscript; available in PMC 2018 January 16.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Basu et al. Page 22
ca

lc
ul

at
or

 is
 a

va
ila

bl
e 

in
 b

ot
h 

SI
 a

nd
 U

S 
or

 c
on

ve
nt

io
na

l u
ni

ts
.2

5  
R

E
C

O
D

e=
R

is
k 

E
qu

at
io

ns
 f

or
 C

om
pl

ic
at

io
ns

 o
f 

ty
pe

 2
 D

ia
be

te
s.

 A
SC

V
D

=
at

he
ro

sc
le

ro
tic

 c
ar

di
ov

as
cu

la
r 

di
se

as
e 

(n
on

-f
at

al
 o

r 
fa

ta
l 

m
yo

ca
rd

ia
l i

nf
ar

ct
io

n 
or

 s
tr

ok
e)

. M
I=

m
yo

ca
rd

ia
l i

nf
ar

ct
io

n.
 C

H
F=

co
ng

es
tiv

e 
he

ar
t f

ai
lu

re
. C

V
D

=
ca

rd
io

va
sc

ul
ar

 d
is

ea
se

.

Lancet Diabetes Endocrinol. Author manuscript; available in PMC 2018 January 16.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Basu et al. Page 23

Ta
b

le
 5

In
te

rn
al

 a
nd

 e
xt

er
na

l v
al

id
at

io
n 

st
at

is
tic

s 
fo

r 
m

ic
ro

va
sc

ul
ar

 a
nd

 m
ac

ro
va

sc
ul

ar
 R

E
C

O
D

e

In
te

rn
al

 v
al

id
at

io
n:

 R
E

C
O

D
e

E
xt

er
na

l v
al

id
at

io
n:

 R
E

C
O

D
e

A
lt

er
na

ti
ve

 r
is

k 
eq

ua
ti

on
s:

U
K

P
D

S 
O

M
2

A
lt

er
na

ti
ve

 r
is

k 
eq

ua
ti

on
s:

A
C

C
/A

H
A

 P
C

E
s

D
is

cr
im

in
at

io
n:

C
.s

ta
ti

st
ic

C
al

ib
ra

ti
on

:
sl

op
e/

in
te

rc
ep

t/
χ

2 ,
p 

va
lu

e*

D
is

cr
im

in
at

io
n:

C
.s

ta
ti

st
ic

C
al

ib
ra

ti
on

:
sl

op
e/

in
te

rc
ep

t/
χ

2 ,
p 

va
lu

e*

D
is

cr
im

in
at

io
n:

C
.s

ta
ti

st
ic

C
al

ib
ra

ti
on

:
sl

op
e/

in
te

rc
ep

t/
χ

2 ,
p 

va
lu

e*

D
is

cr
im

in
at

io
n:

C
.s

ta
ti

st
ic

C
al

ib
ra

ti
on

:
sl

op
e/

in
te

rc
ep

t/
χ

2 ,
p 

va
lu

e*

M
ic

ro
va

sc
ul

ar
 o

ut
co

m
es

N
ep

hr
op

at
hy

 
M

ic
ro

al
bu

m
in

ur
ia

0.
62

 (
0.

61
–0

.6
4)

0.
94

/0
.0

15
/5

.7
, 0

.7
7

..
..

..
..

..
..

 
M

ac
ro

al
bu

m
in

ur
ia

0.
84

 (
0.

82
–0

.8
6)

1.
14

/−
0.

00
9/

79
.4

, <
0.

00
01

..
..

..
..

..
..

 
R

en
al

 f
ai

lu
re

 o
r 

en
d-

st
ag

e 
re

na
l d

is
ea

se
0.

60
 (

0.
56

–0
.6

4)
1.

28
/0

.0
00

3/
30

.8
, <

0.
00

01
..

..
0.

54
 (

0.
50

, 0
.5

9)
0.

19
/0

.0
35

/2
42

.6
, <

0.
00

01
..

..

 
D

ou
bl

in
g 

of
 s

er
um

 c
re

at
in

in
e 

or
 >

20
 m

L
/m

in
 

pe
r 

1.
73

 m
2  

de
cr

ea
se

 in
 e

G
FR

0.
76

 (
0.

75
–0

.7
7)

0.
91

/0
.0

53
/4

2.
9,

 <
0.

00
01

..
..

..
..

..
..

 
M

ac
ro

al
bu

m
in

ur
ia

, r
en

al
 f

ai
lu

re
, e

nd
-s

ta
ge

 
re

na
l d

is
ea

se
, d

ou
bl

in
g 

of
 s

er
um

 c
re

at
in

in
e,

 o
r 

>
20

 m
L

/m
in

 p
er

 1
.7

3 
m

2  
de

cr
ea

se
 in

 e
G

FR

0.
73

 (
0.

72
–0

.7
4)

0.
86

/0
.0

85
/7

4.
1,

 <
0.

00
01

..
..

..
..

..
..

 
M

ac
ro

al
bu

m
in

ur
ia

, m
ic

ro
al

bu
m

in
ur

ia
, r

en
al

 
fa

ilu
re

, o
r 

en
d-

st
ag

e 
re

na
l d

is
ea

se
0.

61
 (

0.
60

–0
.6

3)
0.

96
/0

.0
11

/4
.6

, 0
.8

7
0.

65
 (

0.
61

, 0
.7

0)
1.

31
/−

0.
15

/9
.3

, 0
.1

6
..

..
..

..

R
et

in
op

at
hy

 
Ph

ot
oc

oa
gu

la
tio

n 
or

 v
itr

ec
to

m
y

0.
65

 (
0.

63
–0

.6
7)

1.
03

/−
0.

00
3/

15
.7

, 0
.0

7
0.

57
 (

0.
51

, 0
.6

3)
0.

72
/0

.1
2/

13
.9

, 0
.0

5
..

..
..

..

 
C

at
ar

ac
t e

xt
ra

ct
io

n
0.

68
 (

0.
66

–0
.6

9)
0.

97
/0

.0
04

/1
8.

7,
 0

.0
3

..
..

..
..

..
..

 
T

hr
ee

-l
in

e 
im

pr
ov

em
en

t i
n 

vi
su

al
 a

cu
ity

0.
55

 (
0.

54
–0

.5
6)

0.
78

/0
.0

89
/9

.2
, 0

.4
2

..
..

..
..

..
..

 
Se

ve
re

 v
is

io
n 

lo
ss

0.
62

 (
0.

60
–0

.6
4)

1.
01

/−
0.

00
1/

6.
9,

 0
.6

5
..

..
0.

59
 (

0.
57

–0
.6

2)
1.

12
/0

.0
41

/5
9.

0,
 <

0.
00

01
..

..

 
Ph

ot
oc

oa
gu

la
tio

n 
or

 v
itr

ec
to

m
y,

 o
r 

se
ve

re
 

vi
si

on
 lo

ss
0.

63
 (

0.
62

–0
.6

5)
0.

97
/0

.0
04

/1
1.

5,
 0

.2
4

..
..

..
..

..
..

N
eu

ro
pa

th
y

 
M

N
SI

 >
2

0.
60

 (
0.

59
–0

.6
2)

1.
01

/−
0.

00
5/

14
.4

, 0
.1

1
..

..
..

..
..

..

 
V

ib
ra

to
ry

 s
en

sa
tio

n 
lo

ss
0.

64
 (

0.
63

–0
.6

6)
0.

99
/0

.0
03

/1
7.

2,
 0

.0
5

..
..

..
..

..
..

 
A

nk
le

 je
rk

 lo
ss

0.
57

 (
0.

55
–0

.5
8)

0.
96

/0
.0

19
/5

.0
, 0

.8
4

..
..

..
..

..
..

 
Pr

es
su

re
 s

en
sa

tio
n 

lo
ss

0.
62

 (
0.

61
–0

.6
4)

1.
00

/−
0.

00
05

/9
.7

, 0
.3

7
0.

69
 (

0.
63

, 0
.7

4)
1.

01
/−

0.
00

2/
1.

0,
 0

.9
1

..
..

..
..

M
ac

ro
va

sc
ul

ar
 o

ut
co

m
es

Lancet Diabetes Endocrinol. Author manuscript; available in PMC 2018 January 16.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Basu et al. Page 24

In
te

rn
al

 v
al

id
at

io
n:

 R
E

C
O

D
e

E
xt

er
na

l v
al

id
at

io
n:

 R
E

C
O

D
e

A
lt

er
na

ti
ve

 r
is

k 
eq

ua
ti

on
s:

U
K

P
D

S 
O

M
2

A
lt

er
na

ti
ve

 r
is

k 
eq

ua
ti

on
s:

A
C

C
/A

H
A

 P
C

E
s

D
is

cr
im

in
at

io
n:

C
.s

ta
ti

st
ic

C
al

ib
ra

ti
on

:
sl

op
e/

in
te

rc
ep

t/
χ

2 ,
p 

va
lu

e*

D
is

cr
im

in
at

io
n:

C
.s

ta
ti

st
ic

C
al

ib
ra

ti
on

:
sl

op
e/

in
te

rc
ep

t/
χ

2 ,
p 

va
lu

e*

D
is

cr
im

in
at

io
n:

C
.s

ta
ti

st
ic

C
al

ib
ra

ti
on

:
sl

op
e/

in
te

rc
ep

t/
χ

2 ,
p 

va
lu

e*

D
is

cr
im

in
at

io
n:

C
.s

ta
ti

st
ic

C
al

ib
ra

ti
on

:
sl

op
e/

in
te

rc
ep

t/
χ

2 ,
p 

va
lu

e*

A
th

er
os

cl
er

ot
ic

 c
ar

di
ov

as
cu

la
r 

di
se

as
e 

(n
on

-f
at

al
 

or
 f

at
al

 m
yo

ca
rd

ia
l i

nf
ar

ct
io

n 
or

 s
tr

ok
e)

0.
69

 (
0.

67
–0

.7
1)

1.
06

/−
0.

00
5/

13
.7

, 0
.1

4
0.

73
 (

0.
71

, 0
.7

5)
1.

13
/−

0.
07

1/
20

3.
1,

 <
0.

00
01

0.
62

 (
0.

60
, 0

.6
3)

 in
 

A
C

C
O

R
D

, 0
.6

7 
(0

.6
4,

 
0.

69
) 

in
 L

oo
k 

A
H

E
A

D

0.
36

/0
.0

43
/6

02
.6

, <
0.

00
01

 in
 

A
C

C
O

R
D

, 0
.5

3/
−

0.
01

3/
74

6.
6,

 
<

0.
00

01
 in

 L
oo

k 
A

H
E

A
D

0.
61

 (
0.

59
, 0

.6
3)

 in
 

A
C

C
O

R
D

, 0
.6

6 
(0

.6
4,

 
0.

69
) 

in
 L

oo
k 

A
H

E
A

D

0.
30

/0
.0

77
/4

68
.8

, 
<

0.
00

01
 in

 A
C

C
O

R
D

, 
0.

39
/0

.0
32

/4
44

.0
, 

<
0.

00
01

 in
 L

oo
k 

A
H

E
A

D

M
yo

ca
rd

ia
l i

nf
ar

ct
io

n 
(f

at
al

 o
r 

no
n-

fa
ta

l)
0.

69
 (

0.
67

–0
.7

0)
1.

00
/0

.0
00

3/
6.

4,
 0

.7
0

0.
71

 (
0.

68
, 0

.7
4)

1.
08

/−
0.

01
6/

17
.0

, 0
.0

5
0.

62
 (

0.
59

, 0
.6

4)
 in

 
A

C
C

O
R

D
, 0

.6
7 

(0
.6

5,
 

0.
70

) 
in

 L
oo

k 
A

H
E

A
D

0.
80

/0
.1

06
/4

7.
6,

 <
0.

00
01

 in
 

A
C

C
O

R
D

, 0
.9

4/
−

0.
03

8/
27

0.
9,

 
<

0.
00

01
 in

 L
oo

k 
A

H
E

A
D

..
..

St
ro

ke
 (

fa
ta

l o
r 

no
n-

fa
ta

l)
0.

70
 (

0.
66

–0
.7

4)
1.

16
/−

0.
00

3/
7.

4,
 0

.3
8

0.
67

 (
0.

63
, 0

.7
1)

0.
99

/0
.0

06
/8

.2
, 0

.2
2

0.
61

 (
0.

56
, 0

.6
6)

 in
 

A
C

C
O

R
D

, 0
.6

3 
(0

.5
8,

 
0.

68
) 

in
 L

oo
k 

A
H

E
A

D

0.
06

3/
0.

02
3/

22
75

.6
, <

0.
00

01
 in

 
A

C
C

O
R

D
, 0

.2
79

/0
.0

07
/6

59
.5

, 
<

0.
00

01
 in

 L
oo

k 
A

H
E

A
D

..
..

C
on

ge
st

iv
e 

he
ar

t f
ai

lu
re

0.
75

 (
0.

73
–0

.7
7)

1.
01

/−
0.

00
04

/3
.1

, 0
.9

3
0.

76
 (

0.
73

, 0
.8

0)
1.

13
/−

0.
01

1/
11

.7
, 0

.0
7

0.
61

 (
0.

58
, 0

.6
5)

 in
 

A
C

C
O

R
D

, 0
.6

1 
(0

.5
7,

 
0.

65
) 

in
 L

oo
k 

A
H

E
A

D

0.
46

/0
.0

06
/3

45
.8

, <
0.

00
01

 in
 

A
C

C
O

R
D

, 0
.2

4/
0.

01
0/

12
46

.5
, 

<
0.

00
01

 in
 L

oo
k 

A
H

E
A

D

..
..

C
ar

di
ov

as
cu

la
r 

m
or

ta
lit

y
0.

74
 (

0.
71

–0
.7

7)
0.

96
/0

.0
01

/7
.8

, 0
.4

6
0.

79
 (

0.
74

, 0
.8

3)
1.

00
/−

0.
01

0/
44

.5
, <

0.
00

01
..

..
..

..

O
th

er

A
ll-

ca
us

e 
m

or
ta

lit
y

0.
70

 (
0.

68
–0

.7
2)

1.
03

/−
0.

00
2/

14
.7

, 0
.1

0
0.

71
 (

0.
68

, 0
.7

4)
1.

10
/−

0.
01

2/
16

.3
, 0

.0
6

..
..

..
..

U
K

PD
S 

O
M

2=
U

ni
te

d 
K

in
gd

om
 P

ro
sp

ec
tiv

e 
D

ia
be

te
s 

St
ud

y 
O

ut
co

m
es

 M
od

el
 2

. A
C

C
/A

H
A

 P
C

E
s=

A
m

er
ic

an
 C

ol
le

ge
 o

f 
C

ar
di

ol
og

y/
A

m
er

ic
an

 H
ea

rt
 A

ss
oc

ia
tio

n 
Po

ol
ed

 C
oh

or
t E

qu
at

io
ns

. M
N

SI
=

M
ic

hi
ga

n 
N

eu
ro

pa
th

y 
Sc

re
en

in
g 

In
st

ru
m

en
t. 

R
E

C
O

D
e=

R
is

k 
E

qu
at

io
ns

 f
or

 
C

om
pl

ic
at

io
ns

 O
f 

ty
pe

 2
 D

ia
be

te
s.

* p 
va

lu
es

 <
0·

05
 r

ef
le

ct
 la

rg
er

 d
if

fe
re

nc
e 

be
tw

ee
n 

pr
ed

ic
te

d 
an

d 
ob

se
rv

ed
 K

ap
la

n-
M

ei
er

 e
ve

nt
 r

at
es

 b
y 

th
e 

G
re

en
w

oo
d-

D
’A

go
st

in
o-

N
am

 te
st

 (
se

e 
fi

gu
re

 1
 f

or
 c

al
ib

ra
tio

n 
pl

ot
s)

. 9
5%

 C
Is

 a
re

 f
ro

m
 1

0-
tim

es
 c

ro
ss

-v
al

id
at

io
ns

. C
al

ib
ra

tio
n 

sl
op

es
 o

r 
in

te
rc

ep
ts

 a
re

 c
al

cu
la

te
d 

be
tw

ee
n 

de
ci

le
s 

of
 p

re
di

ct
ed

 a
nd

 o
bs

er
ve

d 
K

ap
la

n-
M

ei
er

 e
ve

nt
 r

at
es

, w
ith

 f
ew

er
 c

en
til

es
 th

an
 d

ec
ile

s 
us

ed
 if

 f
ew

er
 th

an
 5

 e
ve

nt
s 

w
er

e 
ob

se
rv

ed
 p

er
 g

ro
up

 to
 p

re
ve

nt
 u

ns
ta

bl
e 

in
fe

re
nc

es
 p

er
 g

ui
de

lin
es

.2
3

Lancet Diabetes Endocrinol. Author manuscript; available in PMC 2018 January 16.


	Summary
	Introduction
	Methods
	Data for development of risk equations
	Data for validation of risk equations
	Outcomes
	Candidate predictor variables assessed for inclusion in equations
	Development of models
	Assessment of internal and external model performance
	Role of the funding source

	Results
	Discussion
	References
	Figure 1
	Figure 2
	Table 1
	Table 2
	Table 3
	Table 4
	Table 5

