1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Value Health. Author manuscript; available in PMC 2022 May 18.

-, HHS Public Access
«

Published in final edited form as:
Value Health. 2019 December ; 22(12): 1402-1409. doi:10.1016/j.jval.2019.08.007.

Addressing Regional Differences in Diabetes Progression:
Global Calibration for Diabetes Simulation Model

Hui Shao, PhD?, Shuang Yang, MS?, Charles Stoecker, PhD?, Vivian Fonseca, MD3,
Dongzhe Hong, MSZ, Lizheng Shi, PhD2"
1College of Pharmacy, University of Florida, Gainesville, FL, USA

2School of Public Health and Tropical Medicine, Tulane University, New Orleans, LA, USA

3School of Medicine, Tulane University, New Orleans, LA, USA.

Abstract

Objectives: To develop a practical solution for modeling diabetes progression and account for
the variations in risks of diabetes complications in different regions of the world, which is critical
for model-based evaluations on the value of diabetes intervention across populations from different
regions globally.

Methods: A literature search was conducted to identify eligible clinical trials to support
calibration. The Building, Relating, Assessing, and Validating Outcomes (BRAVO) model was
employed to simulate diabetes complications using the baseline characteristics of each clinical trial
cohort. We utilized regression methods to estimate regional variations across the United States,
Europe, Asia, and other regions (eg, Latin America, Africa) in 6 outcomes: myocardial infarction
(M), congestive heart failure (CHF), stroke, angina, revascularization, and mortality.

Results: Regional variations were detected in 4 outcomes. Compared with other regions,
individuals from the United States had higher risks of MI (hazard ratio [HR] 1.64; 95% confidence
interval [CI]1.41-1.91) and revascularization (HR 3.6; 95% CI 2.94-4.41). Individuals from
Europe had a lower risk of stroke (HR 0.61; 95% CI 0.46-0.81), and individuals from other
regions outside of the United States, Europe, and Asia had a lower risk of CHF (HR 0.18; 95%

Cl1 0.06-0.58). Finally, the simulated outcomes were regressed on observed outcomes using an
ordinary least squares model, with an intercept (0.026), slope (1.005), and R-squared value (0.789)
indicating good prediction accuracy.

Conclusion: Recalibrating the BRAVO model’s diabetes risk engine to account for regional
differences shows improved prediction accuracy when the model is applied to multi-region
populations commonly recruited for clinical trials.
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Introduction

Individuals living with diabetes have a higher risk of developing macrovascular and
microvascular complications.12 Nevertheless, because of the chronic nature of diabetes,

the long-term escalated risks for complications are often hard to observe in clinical trials,
which usually have limited follow-up time or are from relatively selected populations. In
addition, although type 2 diabetes is reversible,® people usually live with the disease for life.
Thus understanding lifetime benefits becomes critical when evaluating the effectiveness of
an intervention program, drug, or policy targeted at diabetes. Researchers and policy makers
often rely on computer simulation to produce lifetime estimates.*~’

The field of diabetes modeling has evolved significantly over the last 2 decades. Numerous
diabetes simulation models have been developed to estimate the long-term clinical outcomes
based on individuals’ current health status and treatment regimen.8-11 The data sources used
to estimate hazard rates of cardiovascular events and mortality vary across different models.
For example, the United Kingdom Prospective Diabetes Study (UKPDS) Outcomes Model®
used data from the UKPDS trial, which is a UKbased cohort with a follow-up time of more
than 30 years. The Building, Relating, Assessing, Validating Outcomes (BRAVO) diabetes
model!! relied on estimates from the Action to Control Cardiovascular Risk in Diabetes
(ACCORD) trial, one of the largest US-based diabetes trials. Meanwhile, the Centers for
Disease Control-Research Triangle Institute (CDC-RTI) diabetes cost-effectiveness model
used meta-analysis to synthesize transitional probabilities from studies globally.® These
data sources were either region specific or too aggregated to properly adjust for regional
variations. To date, no model has adjusted for regional variations in cardiovascular diseases
(CVD) and mortality rates. An implicit assumption is made when applying models to
simulate populations outside of the region of the training data set. It is assumed that no
regional variations of diabetes complication risks exist, after controlling for other factors
such as race, age, and education.

The validity of such an assumption requires further examination. According to numerous
studies, variations in CVD risk exist across diabetes populations from different regions
globally. For example, a literature review synthesizing evidence on regional variation of
CVD risk across diabetes populations found that North American and Caribbean regions
have the highest CVD prevalence (46.0%) whereas the Western Pacific region has the lowest
(33.5%).12 In addition, an epidemiology study found that the risk of developing coronary
heart disease among diabetes populations of South Asian origin is twice that of Europeans,
and the disease occurred 5 to 10 years earlier.13 Researchers have also found that patients
with diabetes from Eastern Europe have a higher risk of developing major coronary events,
congestive heart failure (CHF), peripheral vascular events, and death when compared with
Asians, even after controlling for baseline differences.141° Lastly a literature review on
the trials examining the effectiveness of intensive glycemic control has found that trials
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conducted in North America had significantly higher all-cause mortality, cardiovascular
mortality, and severe hypoglycemia, compared with studies conducted in the rest of the
world.16

This study aims to develop a globalization module to calibrate the BRAVO diabetes model
to apply it to disease progression in different regions and demonstrate how to estimate a set
of regional modifiers to capture the regional variations in CVD risks and mortality.

This study had three key steps: (1) conduct a literature search to identify clinical trials that
have sufficient information to support the calibration process, (2) simulate each trial based
on its baseline characteristics, and (3) estimate regional multipliers through regressions.

Literature Search and Data Extraction

The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
checklist was used to guide the searching process.1” The literature on diabetes clinical

trials was searched on PubMed (January 1, 2000-February 21, 2018). We only included trials
that began after 2000 to minimize the effects of technological advancement on complication
survival rates.

We applied 4 inclusion criteria: (1) studies with randomized controlled trials (RCTS), (2)
studies with a target population of individuals with type 2 diabetes, (3) studies with at least 1
CVD outcome or mortality, and (4) studies reported in English.

We applied 4 exclusion criteria: (1) studies with a sample size of less than 1000 person-
years, (2) studies with no data on individuals’ biomarkers, (3) studies with no information on
the geographical location of the study sample, and (4) studies begun before 2000.

A standardized data extraction form was used to collect the data (see Appendix 1 in
Supplemental Materials found at https://doi.org/10.1016/j.jval.2019.08.007), and data were
independently extracted. Two reviewers (Shao and Yang) independently carried out the
selection process. Any discrepancies among reviewers’ records were addressed by a mutual
check and resolved by consensus within the research team. Three rounds of reviews were
carried out: (1) title review, (2) abstract review, and (3) full-text review. Details for the
reviewing process are summarized in Figure 1. Population parameters extracted to support
model calibration included demographic characteristics, biomarkers, disease histories, and
geographical location. We also extracted the incidence rates for myocardial infarction (Ml),
stroke, congestive heart failure (CHF), revascularization, angina, mortality, and median
follow-up time from each identified study (see Appendix 1 in Supplemental Materials
found at https://doi.org/10.1016/j.jval.2019.08.007). A PRISMA checklist is presented in
Appendix 2 in Supplemental Materials (found at https://doi.org/10.1016/j.jval.2019.08.007).

Simulation Using the BRAVO Diabetes Model

In this study, we used the BRAVO diabetes model as an example to demonstrate the
proposed calibration process.1! The BRAVO diabetes model is a patient-level/cohort-level
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discrete-time microsimulation model, which predicts risks of macrovascular/microvascular
complications and mortality over a user-specified time horizon (Fig. 2). The model
considered the time-varying characteristics of the target population and translated it into
lifetime risks of complications. The simulation was conducted on an annual cycle, and the
risk of each event in a single year was predicted by a patient’s current biomarkers (eg,
blood glucose, blood pressure, BMI, and cholesterol), sociodemographic characteristics (eg,
gender, race, education), smoking status, and clinical characteristics (eg, macrovascular
history, microvascular history). Events occurred in each year when the calculated risk

of that event was greater than a random number generated from a uniform distribution
between 0 and 1. We ran the simulation 100 000 times for each study cohort to achieve
stable estimation. The simulation flow for the BRAVO model is similar to a large number
of current models (eg, UKPDS, CORE model18) and thus is a suitable method for
demonstrating our approach to handling regional variation.

In this study, owing to the lack of patient-level data, we conducted the simulation at a
cohort level (ie, the study-arm level). Each study arm was simulated by entering its baseline
characteristics into the BRAVO model, and the incidence rate (cases per 100 person-year)
for M, stroke, CHF, revascularization, angina, and mortality were predicted and recorded
using the median follow-up time in each trial as the time horizon. Each cohort occupied

a single line in the final data set, which contained information on predicted outcomes,
observed outcomes, and population distribution.

Model Specification and Regression Methods

Six risk equations from the BRAVO model were calibrated: nonfatal Ml, stroke, CHF,
angina, revascularization surgery, and all-cause mortality.

*D.B.T.H; * Region; i
hazard;, = h, * e(ﬁD .B.T.H it +v* Region; + gjy) Eq (1)

Equation 1 is the proposed function for calculating the risk of event, which is a proportion
hazard equation often used to map event risks over time. The hazard rate is denoted by

the term hazardj; and is the rate of encountering the event at time #for individual /. The
term hy is the baseline hazard at time £ The vector Bp g 7.4 is comprised of variables
commonly used in diabetes simulation modeling, including demographics, biomarkers,
treatments, and histories of complications. The vector Bp g 74 is composed of coefficients
for corresponding risk factors in D.B.T.H;. The vector Region;is comprised of regional
identifiers (ie, the United States, Europe, Asia, and other regions), denoting the regional
allocation of the individual /, and ¥ is a vector of regional multipliers for each regional,
which this study aims to estimate.

Because of the nature of single-region trials such as the ACCORD trial (the data source of
the BRAVO model), y could not be directly estimated. Instead, the regional multiplier of the
source region was included in the baseline hazard (Eq. 2).

hazard;, = ht*e(ﬁD.B.T.H*D-B-T- His+yus +é&ir)

Eq (2
=[ht*eYUS]*e(ﬁD.B.T.H*D~B~T-Hit+5it) a@
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yus denotes the regional multiplier of the United States (the source region of the BRAVO
model), and &, * ¢’US constitutes the baseline hazard of the BRAVO model. The relative bias
when applying the BRAVO model on another region is

Relative Bias;; = olrtarget — 1us) Eq (3)

where yarger denotes the regional multiplier of the target region.

In this study, we grouped geographic regions under the categories of the United States,
Europe, Asia, and the rest of the world (called “others™). Thus Equation 1 can be rewritten
as

hazard;, = h;
% g(ﬂD.B.T.H*D-B-T- Hi +7EU * EUi + 70 s * USi + 1 Asia™ Asiai + Yothers * othersi + &) E4 ()

where EU,, US;, Asia;, others;denote proportions of study populations in each region
for each study cohort, and y£y, yus ¥.asia@Nd ¥ omers are the corresponding regional
multipliers. Equation 4 can be further written as

hazard;, = h, * {"US T PD.B.T.1H*D-B.T Hit+egRAVO)

. Eq(5
# (TEBRAVO+YEU * EUi +yus*USi = YU S + 1 Asia™ Asia; + Yothers * others + €ir) ae)

where egpayo denotes the error term of the BRAVO model. The term
hy#VUS*PD.B.T.H*D.B.T.Hii+BRAVO) s the predicted hazard from the BRAVO

model for cohort / and hazard;is the observed hazard of the cohort i. Thus Equation 6
can be derived from Equation 5, assuming the hazard ratios were constant over time:

Observed;\ EU US — 1
UW = fo+vevEU; + yys(US; - 1)

+ Y AsiaASia; + Yothersothers; + &

Eq (6)

where Obseved;is the observed incidence rate of the outcome in study arm /, measured per
100 person-years, and Predicted;is the BRAVO-simulated incidence rate. The coefficient G
measures the systematic bias of the original baseline hazard of the BRAVO model with the
calibrated baseline characteristics.

Because of the small number of identified trials, further variable selections were needed

in Equation 6 to avoid overfitting. Several regression methods were applied to estimate
Equation 6, including an ordinary least squares (OLS) model, Ridge regression, and a least
absolute shrinkage and selection operator (LASSO) regression.1® Mean squared prediction
error (MSPE) was used as a measurement for model performance when choosing the

final model and variable combination. Details can be found in Tables Al to A6. Finally,
calibration plots were drawn, using observed incidence against predicted incidence for each
event type and all events combined. An OLS model of observed incidence was fitted on
predicted incidence both before and after the calibration. An ideal model fit is represented
by a regression with slope 1 and intercept 0.
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The flow chart of the literature search is provided in Figure 1. Overall, 467 publications
were identified from the initial search, among which 338 were excluded after the title
review. Of the remaining 129 studies, 42 were selected after the abstract review. After the
full-text review, 18 studies were identified as eligible studies for data extraction. Table 1
summarizes the list of identified trials.20-37

Simulations using the BRAVO model were conducted based on baseline population
information from each study arm (total N = 36), and the model/variable selection process
was conducted on a range of regression methods using cross-validated mean squared
prediction error as the measurement of prediction accuracy. Details of the variable selection
process for each risk equation are summarized in Appendix Tables 1 to 6 in Supplementary
Materials (found at https://doi.org/10.1016/j.jval.2019.08.007). Across alternative model
specifications, the OLS model had the best prediction accuracy in this study.

Regional multipliers were generated for 4 risk equations (Table 2). An empty cell indicates
that the corresponding variable was excluded by the model selection process. Individuals
from the United States were found to have a higher risk of a nonfatal M1 event (hazard
ratio [HR] 1.64; 95% confidence interval [CI] 1.41-1.91), compared with other regions.
Individuals from Europe were found to have a lower risk of a stroke event (HR 0.61;

95% CI 0.46-0.81), compared with other regions. Individuals from regions other than the
United States, Europe, and Asia were found to have a lower risk of CHF (HR 0.18; 95%

Cl 0.06-0.58). Individuals from the United States had a higher risk of revascularization
surgery (HR 3.6; 95% CI 2.94-4.41). Intercept terms indicating the regional baseline-risk
variations from the baseline risk of the ACCORD cohort were included in 4 risk equations:
stroke (HR 2.03; 95% CI 1.70-2.42), CHF (HR 1.28; 95% CI 1.05-1.55), angina (HR 0.81;
95% CI 0.68-0.96), and all-cause mortality (HR 1.83; 95% CI 1.60-2.08). The estimated
coefficients for each equation can be found in Appendix 3 in Supplemental Materials (found
at https://doi.org/10.1016/j.jval.2019.08.007).

Calibration plots with slope 1 as perfect prediction accuracy were drawn using the observed
incidence against the predicted incidence (before vs after calibration with regional risk
multipliers) (Fig. 3). An OLS model of the observed incidence was fit on the predicted
incidence, and the results of intercepts and slopes are recorded in Table A7. Among 6
outcomes, 3 of them were found to have an improvement on prediction accuracy (slope
closer to 1.00) after applying regional multipliers: Ml (slope: 0.84 vs 1.01), revascularization
(slope: 0.60 vs 1.04), and all-cause mortality (slope: 1.53 vs 0.89). For angina, CHF, and
stroke, we did not observe prediction improvement after applying regional multipliers.

Figure 4 further summarizes the final external validation plots, using observed incidence
against calibrated prediction on all events. We regressed the observed incidence on predicted
incidence before and after calibration, as compared with perfect prediction accuracy
(intercept = 0 and slope = 1). The globalization module using regional multipliers improved
the prediction accuracy as measured by intercept (0.85 before vs 0.026 after) and slope
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(0.276 before vs 1.005 after) and regression model fit as measured by adjusted R-squared
value (0.287 before vs 0.789 after).

Discussions

Regional variations contribute to heterogeneities in CVD event incidence among individuals
with diabetes. Even after controlling for characteristics of the population, regional
differences still affect the risk of CVD events through other pathways, such as the
characteristics of health systems, lifestyle, and the policy environment. Consistent with
findings from Einarson et al,12 our study also identified a higher risk of nonfatal M1 and
revascularization among the US population. Because this study already controls for a wide
range of risk factors associated with patients’ health conditions, the escalated rate of nonfatal
MI and revascularization surgery in the US population is likely due to accessibility of
specialty care or a difference in clinical practice patterns. In other words, revascularization
surgery is more frequently performed in the United States compared with other regions,
which in turn leads to a higher survival rate from complication events38 (eg, higher risk
for nonfatal MI). Also, we found that individuals from Europe had a lower risk for stroke
compared with individuals from the rest of the world. This might be attributable to social
economic factors3? and access to vascular prevention strategies among those at high risk.40
The findings in this study shed further light into variations in global CVVD outcome studies
across different regions of the world, such as the BI 10773 (Empagliflozin) Cardiovascular
Outcome Event Trial in Type 2 Diabetes Mellitus Patients (EMPA-REG OUTCOME)*!
and the Canagliflozin Cardiovascular Assessment Study (CANVAS).21 More importantly,
the regional variations in diabetes complications may play a greater role in the design and
conduct of real-world outcome studies in diabetes (eg, the Comparative Effectiveness of
Cardiovascular Outcomes in New Users of SGLT-2 Inhibitors [CVD-REAL] study?2).

Economic evaluations for health technology assessments have been conducted, relying on
source data from outside the targeted region. For example, Shao and colleagues used the
Cardiff diabetes model (Europe-based?3) to compare the cost-effectiveness of alternative
antidiabetic medications among the Chinese population.6.” This study improves on that
approach by providing a novel way to estimate regional multipliers for a diabetes model
developed based on data from a single region. As illustrated in Figure 4, this approach can
improve the prediction accuracy, both in term of reducing systematic bias (ie, the slope and
intercept) and improving explanation power (ie, the R-squared value) of the model. This
method is not limited to particular diabetes model structures (eg, Markov or discrete-time
microsimulation) or the functional form of the original risk equations, thus it can be easily
adopted by other diabetes simulation models beyond the BRAVO model. We encourage
current diabetes models to adopt a similar approach to improve their performance and better
guide policy making and practice change globally.

Another contribution of this study is the recalibration of the baseline hazard across

different RCT populations, especially for predicting revascularization and all-cause mortality
(see Fig. 3 and Appendix Table 7 in Supplemental Materials found at https://doi.org/
10.1016/j.jval.2019.08.007). The ACCORD population is a highly selected population

with high risk of CVD complication. Although the BRAVO risk equations have been
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adjusted for a wide range of risk factors, it is still possible that there are selection issues
separating the ACCORD population from the general diabetes clinical trial population.
Our calibration module has categorized the sources of prediction error into 2 types: those
owing to regional variations and those owing to unobserved differences caused by the
RCT population selection criteria. For example, our findings suggest that the overestimation
of revascularization rates is attributed to regional variation because the ACCORD cohort
from the United States tends to use more procedures than other clinical trial regions. The
underestimation of all-cause mortality rates in the ACCORD cohort, which tends to have
lower mortality rates than comparable clinical trial cohorts, is attributed to unobserved
baseline risk. This prediction error caused by the baseline-risk difference for a CvVD
outcome can be significantly reduced by introducing an intercept term in the regional
multiplier function.

The number of diabetes RCT databases on which this study draws is relatively small, which
limits our capacity to build a saturated model (Eq. 6) or to further disaggregate regions

into smaller areas (eg, countries). It is possible that different countries within the same
region have different risks of CVVD events and death. If patient-level data were available,
we could further segregate regional effects into country effects. Studies intending to further
calibrate the BRAVO model by estimating country-specific multipliers are warranted for
better prediction accuracy. Also, the calibration was conducted at the cohort level. It is
possible that the regional variation in CVD is not constant across different subgroups within
the same region, and the magnitude of regional variation estimated in this study should
better be generalized to a cohort that has similar characteristics as the included cohorts.

In addition, populations selected by RCT studies often have more severe diabetes than

the general diabetes population. This may limit the generalizability of models based on
data from RCTs, even after calibration, when targeting general individuals with diabetes.
Although the BRAVO model took into account a wide range of baseline characteristics,
including diabetes duration and disease history, unobserved characteristics can still lead to
systematic bias when predicting incidence among the general population. Moreover, the
literature searching process did not include other databases such as Embase. It is possible
that eligible studies might be exclusively reported on another database besides PubMed.
Nevertheless, this study only includes RCTs with a large number of participants, and to the
best of our knowledge, we did not miss relevant large RCTSs. Lastly, although the calibration
equations improve the model prediction according to our validation of study cohorts in the
published clinical trials, further validation is warranted to explore the performance of the
proposed method.

Conclusion

The globalization module for the BRAVO diabetes model shows an improved prediction
accuracy when the diabetes simulation model accounts for different disease progression
risks across populations from different regions. This novel calibration approach can be used
not only to improve other diabetes models in international transferability but also to better
interpret the findings from global diabetes outcomes trials and real-world studies that use
data sources from more than one region.
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The simulation flow of the Building, Relating, Assessing, and Validating Outcomes diabetes
model.
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Validation plots for all 6 outcomes. Slope and intercepts for “before” and “after” regional
calibration are generated by weighting all 6 outcomes equally. The solid 45-degree line

indicates a perfect prediction.
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