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OBJECTIVE —To evaluate the accuracy of the UK Prospective Diabetes Study Outcomes
Model (UKPDS-OM) in predicting clinical outcomes during the UKPDS posttrial monitoring
(PTM) period.

RESEARCH DESIGN AND METHODS A trial end in 1997, the 4,031 surviving
UKPDS patients, of the 5,102 originally enrolled in the study, returned to their usual care
providers, with no attempts made to maintain them in their randomized therapy groups. PTM
risk factor data were collected for 5 years and clinical outcome data for 10 years. The UKPDS-OM
was used firstly to forecast likely progression of HbA,, systolic blood pressure, total-to-HDL
cholesterol ratio, and smoking status and secondly to estimate the likely first occurrence of seven
major diabetes-related complications or death from any cause. Model predictions were compared
against observed PTM data for risk factor time paths and survival probabilities for major diabetes
complications.

RESULTS —UKPDS-OM—forecasted risk factor time paths were similar to those observed for
HbA, . (up to 3 years) and total-to-HDL cholesterol ratio but underestimated for systolic blood
pressure and smoking status. Predicted 10-year event probabilities were similar to those ob-
served for blindness, ischemic heart disease, myocardial infarction, and renal failure but were
higher for heart failure and death from any cause and lower for stroke and amputation.

CONCLUSIONS —The UKPDS-OM has good predictive accuracy for two of four risk factor
time paths and for 10-year clinical outcome probabilities with the exception of stroke, amputa-
tion, heart failure, and death from any cause. An updated version of the model incorporating
PTM data is being developed.
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omputer simulation models are a

useful means of extrapolating data

from clinical trials over longer peri-
ods of time or to other populations (1).
Several such models have been developed
for type 2 diabetes, and their usefulness in
decision making is widely recognized (2).
They allow estimation of longer-term
clinical outcomes and costs and help de-
cision makers make informed choices be-
tween competing interventions. The UK
Prospective Diabetes Study Outcomes

Model (UKPDS-OM) is a simulation
model based on patient data from the
UKPDS that predicts the occurrence of
diabetes-related complications over a life
time and quantifies the respective (quality-
adjusted) life expectancy and life-time
health care costs (3). The UKPDS-OM
was developed primarily to simulate,
at a patient level, mortality and a profile
of complications that can be used for
health economic evaluations of diabetes-
related interventions (4) but has also been
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applied to health service planning (5)
and used as a long-term prognostic tool
6).

The UKPDS-OM was shown to be
internally valid and closely match the
outcomes observed during the UKPDS
trial itself (3). Additional information on
risk factor levels and clinical outcomes
collected during the UKPDS 10-year post-
trial monitoring (PTM) study (7) provides
the means to perform temporal validation
(8) of predicted risk factor time paths and
clinical outcomes against data not used in
its construction. We undertook a pro-
spective and blinded evaluation of the ac-
curacy of the UKPDS-OM in predicting
clinical outcomes during the 10-year
PTM period.

RESEARCH DESIGN AND

METHODS —The UKPDS involved
5,102 patients with newly diagnosed
type 2 diabetes recruited between 1977
and 1991 and randomized to different
blood glucose and blood pressure control
regimens (9,10). Of these, 3,642 patients
for whom annual risk factor data were
available were used to construct the
UKDPS-OM (3). Briefly, this is a probabi-
listic discrete-time model with annual cy-
cles that is based on a system of
parametric survival equations simulating
patient-level outcomes. The model pre-
dicts an individual’s absolute probability
of first occurrence of seven complications
(myocardial infarction [MI], other ische-
mic heart disease [IHD], heart failure,
stroke, blindness, renal failure, and am-
putation) and death, conditional on the
patient’s characteristics of age, ethnicity,
sex, and duration of diabetes and time-
varying clinical risk factors (systolic
blood pressure [SBP], HbA,, lipid levels,
smoking status, and history of previous
complications). Supplementary Table 1
provides the definitions of each compli-
cation. The model predicts both compli-
cations and time paths for clinical risk
factors. If the patient survives a 1-year cy-
cle, the risk factor time paths are updated
and carried forward to the next model cy-
cle together with any history of nonfatal
complications that may have been
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predicted to occur. Holding all else con-
stant, the absolute risk of a complication
will generally increase with higher values
of risk factors, with history of complica-
tions, and with duration of diagnosed
diabetes. Estimates of increased risk,
holding all else constant, for each compli-
cation and death associated with time-
varying risk factors are provided in Sup-
plementary Table 2. The methodology
including a complete listing of equations
is described in more detail in UKPDS 68
3.

Running the UKPDS-OM requires
setting the initial values concerning the
patients’ characteristics and clinical risk
factors. The UKPDS-OM can predict the
time paths of SBP, HbA,, total-to-HDL
cholesterol, and smoking status for a
given population or use time paths prede-
fined by the model user. This allows,
among other things, the simulation of dif-
ferent treatment modalities by directly
modeling the respective changes in the
risk factor time paths. The outcomes
from the model include annual event
probabilities, life expectancy, or quality-
adjusted life expectancy.

When the UKPDS interventional trial
closed on 30 September 1997, the sur-
viving 4,031 patients entered the 10-year
PTM observational study (7). These pa-
tients were returned to their community
or hospital-based usual diabetes care pro-
viders, with no attempts made to main-
tain them in their randomized treatment
groups. Annual risk factor and clinical
outcome data were collected for 5 years
in UKPDS clinics, and in years 6 to 10,
owing to funding restrictions, patient
and general practitioner questionnaires
were used to collect clinical outcome
data (7). Mortality information for all
patients who were still living in the U.K.
was obtained from the Office of National
Statistics.

To ensure a blinded temporal valida-
tion of the UKPDS-OM, the modeling
team (J.L., AJH.,, AM.G., and P.M.C))
were given access only to the character-
istics of the UKPDS patients at their point
of entry into the PTM study (Table 1).
Where baseline PTM risk factor data
were unavailable, the average baseline
values across the PTM cohort were used
instead. Version 1.3 of the UKPDS-OM
software (www.dtu.ox.ac.uk/outcomes-
model/) was used to simulate risk factor
time paths and clinical outcomes over 10
years from these patient characteristics
and those at their time of diagnosis of di-
abetes. Monte-Carlo simulation error for

predicted outcomes was reduced by aver-
aging 50,000 simulations per patient.

Model accuracy was assessed in a
number of ways: 1) prediction of the
risk factor trajectories during the PTM pe-
riod from the PTM baseline data and com-
parison with the observed data (only for
patients with observed data), 2) predic-
tion of the clinical outcomes based on
the simulated risk factor trajectories, and
3) prediction of clinical outcomes based
on the observed risk factor trajectories,
with last observation carried forward for
data unavailable in later time periods.

Once the UKPDS-OM predictions
had been produced, full access to the
PTM data were provided. Predicted risk
factor trajectories were compared visually
with observed trajectories. Kaplan-Meier
method event-free survival estimates were
derived from the observed PTM data.
Survival estimates were derived from the
UKPDS-OM annual predictions using a
life table approach and accounting for
censoring due to death (11). Cumulative
failure (complement of cumulative event-
free survival: 1 minus Kaplan Meier) of
each event was estimated from the ob-
served and simulated PTM data. As the
UKPDS-OM only predicts the first occur-
rence of a complication, patients were ex-
cluded from the analysis of each
complication if they already had a previ-
ous history of that particular complica-
tion on entry to PTM. Mean PTM
follow-up was estimated from the date
of entry into the study (1 October 1997)
until death or the closing date of the study
(30 September 2007).

UKPDS-OM predictive accuracy
for clinical outcomes was assessed as
follows:

1. Model bias was estimated for each
outcome by averaging the mean ab-
solute error (Jmean prediction — mean
observed| in years 1, 2, 3, etc.) across
the 10 years of simulation. We also
examined the proportion of years in
which model predictions fell within
observed 95% Cls and the respective
mean absolute percentage error
(MAPE) for all complications relative
to the observed mean and 95% CI.

2. Calibration and discrimination (8).
We compared the mean and 95% CI of
the observed cumulative failure of
each complication with the respective
mean predicted cumulative failure in
the full PTM cohort, i.e., “calibration-
in-the-large.” The model was judged
to be well calibrated for a particular

outcome if the predicted probability
fell within the 95% CI of the proba-
bility estimated from the observed data
(observed 95% CI). Calibration was
further evaluated by dividing the PTM
cohort into deciles of predicted risk for
each complication at 10 years and
plotting the observed cumulative fail-
ure of events at 10 years against the
predicted probabilities. Model dis-
crimination, i.e., ability to distinguish
individuals with different outcomes,
was assessed using Harrell C statistic
estimated using each individual’s sur-
vival time and the predicted event-free
survival at 10 years (somersd package
in STATA, version 11) (12). The C
statistic is on the scale 0-1, where 1
represents perfect discrimination, and
is expected to be at least 0.5 for the
model prediction to be considered a
positive predictor of survival time.

RESULTS —Mean PTM study patient
follow-up time was 8.41 years (SD 2.8
[95% C18.31-8.49]) with an overall mor-
tality of 33%. Model-predicted PTM
study life expectancy was 8.34 years at
10 years of follow-up. The most frequent
PTM outcome was death (33%), and the
most frequent PTM complication was MI
(15%), followed by stroke (6%) and other
IHD (5%) (Supplementary Table 1). Pre-
dicted risk factor time paths were similar
to those observed in the PTM cohort for
HbA,. (up to 3 years) and total-to-HDL
cholesterol ratio (Supplementary Fig. 2).

Table 1—Characteristics of UKPDS patients
at entry into the PTM study

n 4,031
Age (years) 62 (9.3)
Proportion of men 57
HbA,. 82(1.7)
Systolic blood pressure (mmHg) 139 (20)
LDL cholesterol (mmol/L) 3.3(0.9)
HDL cholesterol (mmol/L) 1.10 (0.9)
Current smokers 20
BMI (kg/m?) 293 (5.7)
Duration of diabetes (years) 11.0 (2.9)
History of MI 6.4
History of stroke 32
History of THD 6.2
History of amputation 0.9
History of blindness 3.6
History of renal failure 0.5
History of heart failure 23

Data are means (SD) or percent unless otherwise
indicated.
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The model underpredicted the observed
mean SBP by ~2.1 mmHg and consider-
ably underpredicted the expected pro-
portion of current smokers at the end of
the simulation period (2% of the whole
cohort) (Supplementary Fig. 5).

Overall, the UKPDS-OM showed rea-
sonable predictive ability for the whole
cohort compared with the PTM data (Fig.
1, Table 2, and Supplementary Table 4).
The model predicted well the probabili-
ties of blindness, renal failure (from 5
years onward), heart failure (up to 3
years), other THD, MI (from 7 years on-
ward), amputation (up to 5 years), stroke
(up to 6 years) and mortality (up to 8
years). Model bias and MAPE estimates
across all complications were low (Table
2). At 10 years of follow-up, the model
overpredicted the probabilities of heart
failure and mortality and underpredicted
the probabilities of stroke and amputa-
tion. Nonetheless, the correlation be-
tween the observed and predicted
probabilities across the eight complica-
tion categories was >99% (Supplemen-
tary Fig. 1).

Calibration plots per decile of predic-
ted risk revealed that at 10 years of sim-
ulation, the UKPDS-OM overestimated
the observed proportions of MI, stroke,
other IHD, heart failure, and blindness in
the subgroup with highest predicted risk
(Fig. 2). These risk subgroups were typi-
cally characterized by individuals with
history of complications at PTM baseline,
such as history of IHD in the MI and
stroke subgroups (comprising ~50% of
the highest-risk subgroup) or history of
blindness in the amputation subgroup
(comprising ~32% of the highest-risk
subgroup) (Supplementary Table 5). Ex-
cluding individuals with history of any
complication at PTM entry reduced the
UKPDS-OM bias for MI, heart failure,
other IHD, amputation, and renal failure
but increased the bias for stroke (Supple-
mentary Figs. 3 and 4). In terms of dis-
crimination ability, the UKPDS-OM was
found to be a positive predictor of survival
time for all outcomes at 10 years, ranging
from 0.54 (95% CI 0.50-0.58) for other
IHD to 0.71 (95% CI 0.67-0.76) for am-
putation.

Finally, model predictions using the
observed risk factor data (carried forward
if unavailable) were closer to the observed
cumulative event probabilities for renal
failure, stroke, and amputation (Supple-
mentary Fig. 6) than predictions using
the model-generated risk factor time
paths.

03 Myocardial Infarction
c
<
w 0.2 >
= .
3 .
g L]
E o
8.0'1 °
2 o
& [ ]
[
0 e
0 2 4 6 8 10
Years since PTM entry
N 3772 3444 3014 2202 1910 1544
0.3 Other ischaemic heart disease
=
<
<
w 0.2
=
£
3
c
(=]
£
© 0.1
& o ®
& °
a °
.
° L]
Ps o
0 e
0 2 4 6 8 10
Years since PTM entry
N 4011 3675 3253 2405 2107 1723
03 Renal Failure
o
c
2
w 0.2
E=
£
3
<
o
£
g 01
2
(-9
0.0 o—egeee e e S
0 2 4 6 8 10
Years since PTM entry
N 3782 3442 2999 2162 1867 1496
03 Blindness
-
c
$
w 0.2
£
£
3
c
(<]
£
g 01
2
a
° L]
o o o °
I S
0 2 4 6 8 10
Years since PTM entry
N 3885 3548 3125 2289 1995 1622

Leal and Associates

0.3 Stroke
c
2
w 0.2
=
=
H
<
o
£
§_ 0.1
a e © °
°
° L ]
° L ]
T
0 2 4 6 8 10
Years since PTM entry
N 3900 3571 3134 2308 2006 1643
0.3 Heart Failure
-
<
<
w 0.2
=
k=
3
c
o
£
g 01
2
o
o ou® S
0 0u®
0 o—o==%
0 2 4 6 8 10
Years since PTM entry
N 3938 3608 3179 2338 2038 1666
03 Amputation
o
c
1
w 0.2
£
=
3
<
o
£
g 01
2
-9
° (]
0 e - ° ° ° o L J L L
0 2 4 6 8 10
Years since PTM entry
N 3995 3670 3240 2384 2077 1689
0.4 Death from any cause
[ ]
-
§ 03 e
& °
£ .
202 o
o
',E L]
S °
201 °
a
.
.
0 e
0 2 4 6 8 10
Years since PTM entry
N 4031 3795 3549 3275 3000 2714

Figure 1—Observed and predicted cumulative probabilities of failure of first complications in
PTM period. PTM curve (gray) comprises the observed 95% CI. Kaplan-Meier plots of cumulative
probability of failure of each complication are shown with the respective 95% CI. Model curve
(@) comprises the mean predicted estimate for each complication (using life table approach)
based on the model-predicted risk factors. The number at risk at 2-year intervals is shown (N).
“Years since PTM entry” comprises the time since the date of entry into the study (1 October 1997)

until death or the closing date of the study.
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Table 2—Comparison of model predictions with observed data from the PTM study

At 10 years Over 10 years
Observed Predicted Model bias Percent of years in which ~ MAPE relative
proportion proportion (MAPE relative  predictions fell within the  to observed
Complication with events with events C statistic to mean) observed 95% CI 95% CI (range)
Death from any cause  0.327 (0.313-0.342) 0.348 0.69 (0.68-0.71) 0.009 (5) 80 0.2 (0-2)
MI 0.202 (0.187-0.218) 0.193 0.67 (0.64-0.69) 0.014 (25) 40 10 (0-28)
Stroke 0.084 (0.074-0.095) 0.073 0.68 (0.65-0.71) 0.006 (12) 60 1(0-5)
IHD 0.075 (0.065-0.086) 0.081 0.54 (0.50-0.58) 0.004 (14) 100 0
Amputation 0.037 (0.030-0.045) 0.026 0.71 (0.67-0.76) ~ 0.005 (23) 50 6 (0-17)
Blindness in one eye  0.035 (0.028-0.042) 0.036 0.60 (0.55-0.65) 0.002 (10) 100 0
Renal failure 0.020 (0.015-0.026) 0.016 0.67 (0.60-0.74) 0.003 (30) 60 11 (0-41)
Heart failure 0.039 (0.032-0.047) 0.055 0.70 (0.65-0.75)  0.008 (35) 30 8 (0-18)

Data are means (95% CI) unless otherwise indicated. Boldface type indicates that the prediction is within the observed 95% CI.

CONCLUSIONS —This study shows
that the UKPDS-OM predicted many of
the diabetes-related complications that
occurred during PTM, with 10-year esti-
mates falling within the 95% CI of the
observed survival probabilities for MI,
blindness, IHD, and renal failure. Al-
though the model slightly overpredicted
all-cause mortality, predicted life expec-
tancy over the PTM period was within the
observed 95% CI and a high correlation
was observed between observed and pre-
dicted probabilities of complications.
The UKPDS-OM performed less well
when predicting the observed risk factor
time paths. This is most likely due to
changes in practice that have resulted in
an intensification of treatment in recent
years. The model successfully predicted
the levels of HbA . during the first 3 years
of follow-up but failed to predict the fall
in hemoglobin observed in the PTM pop-
ulation during the subsequent 2 years.
The reduction in HbA;. was observed,
on average, across all PTM patients re-
gardless of their regimen of blood glucose
control at the start of the UKPDS trial (7)
and is thought to be due to the implemen-
tation of clinical guidelines for stricter
glucose control after the publication of
the UKPDS results (10,13,14). As this
sharp decline was only observed during
the PTM period, the UKPDS-OM did not
have information sufficient for stimulat-
ing it. The predicted levels of SBP were
consistently below the observed values
by a small margin, but the predicted trend
was similar to the observed one. Finally,
the proportion of current smokers was
significantly underpredicted by the
UKPDS-OM. This was due to the specifi-
cation of the smoking predictive equation
(3). When the observed smoking status

data (carried forward if unavailable)
were used instead of the predicted values,
the UKPDS-OM produced estimates
closer to the observed survival probabili-
ties for M1 and stroke (data not shown).

Previous history of complications was
also shown to affect the UKPDS-OM
performance in predicting MI, heart fail-
ure, amputation, and renal failure. For
example, the model significantly over-
predicted the probability of MI at 10 years
in the subgroup of the PTM cohort com-
posed mostly by individuals with a pre-
vious history of other IHD (>50%). This
could be explained by having insufficient
statistical power to accurately estimate the
interactions between the different com-
plications when estimating the risk equa-
tions.

Validation of computer simulation
models of chronic diseases is important,
as they are used increasingly by decision
makers and clinicians to assess outcomes
and costs of interventions in cost-
effectiveness analysis, to estimate the fu-
ture burden of disease, and to produce
prognostic life tables with information on
potential benefits from better manage-
ment of risk factors. Temporal validation
builds confidence that the model is able to
predict risk using data that were not used
in the construction of the model. The
results reported add further evidence to
previous external validations of UKPDS-
OM equations in predicting risk of major
complications. For example, model pre-
dictions have been shown to closely match
the 4-year total event probability of acute
coronary events reported by the Collabo-
rative Atorvastatin Diabetes Study
(CARDS) (2). Similarly, when simulating
the PROactive study results, the UKPDS-
OM estimated a 3-year relative risk of 0.87

for a composite of all-cause mortality,
nonfatal MI, and stroke—well within the
observed 95% CI (0.72-0.98) (15). The
UKPDS-OM was shown to give all-cause
mortality predictions among U.S. Na-
tional Health and Nutritional Examination
Survey participants with characteristics
similar to those of UKPDS patients that
were comparable with observed probabili-
ties (16).

A limitation to this study is that the
current UKPDS-OM version does not
explicitly predict second and subsequent
events of the diabetes-related complica-
tions; as a result, patients with a previous
history of a particular complication at
PTM baseline had to be excluded from the
analysis of that complication. Also, al-
though the PTM study provided >26,000
person-years of observational data for
nonfatal events, it is possible that some
events may not have been captured by
the study questionnaires (7). Fatal events
were directly reported by the Office of
National Statistics and were, therefore,
less likely to be missed except for patients
no longer living in the U.K. Also, since
risk factor data were not available for the
full follow-up period, we cannot reliably
determine whether event differences were
the result of the event prediction equa-
tions or differences between predicted
and actual risk factor time paths. Our re-
sults also suggest that additional risk fac-
tor information specific to the population
being simulated is likely to improve pre-
diction. Finally, none of the validation
measures available for evaluating the
UKPDS-OM against censored data such
as the PTM study were completely satis-
factory. Measures of calibration (e.g.,
modified Hosmer-Lemeshow for cen-
sored data [17]) and discrimination
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Figure 2—Calibration plots per deciles of risk at 10 years. Circles indicate the observed cumulative failure per deciles of predicted risk for seven
complications and death, with vertical lines representing observed 95% CI. Cumulative failure for each complication at year 10 of PTM was
estimated using Kaplan-Meier analysis. Simulation results are based on the modeled risk factor time paths. The 45° line (gray) represents perfect
correlation over all deciles of predicted risk. (A high-quality color representation of this figure is available in the online issue.)
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(e.g., Harrell C statistic [12,17]) are
widely accepted but sensitive to the char-
acteristics of the population (e.g., sample
size, spread of risk in the population, cen-
soring patterns). They are mostly used for
comparative purposes such as choosing
between different models with different
predictors rather than to evaluate, as in
our case, the absolute accuracy of a single
model over a period of time (8,17,18).
Hence, calibration plots per deciles of
predicted risk and discrimination statis-
tics at a single point in time as reported
in this paper provide interesting but lim-
ited insights into the UKPDS-OM perfor-
mance. As the aim was to evaluate the
performance of the UKPDS-OM for the
whole PTM cohort across 10 years of sim-
ulation and account for the uncertainty
around the observed data, preference
was given to measures such as model
bias (mean absolute error) and MAPE,
which are commonly used to assess fore-
casting accuracy.

The UKPDS-OM has been shown to
have good predictive accuracy beyond the
data used to estimate it. This provides
more evidence of the potential usefulness
of the model as a tool for decision makers
and clinicians. The PTM data will also
provide an excellent opportunity to up-
date the UKPDS-OM and improve its
predictions over the life time of patients
with type 2 diabetes.
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