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Observed Connections
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Associated Vicious Cycles
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Research Questions
•• Is the hypothesized intergenerational driver Is the hypothesized intergenerational driver 

consistent with the historic growth inconsistent with the historic growth inconsistent with the historic growth in consistent with the historic growth in 
obesity, GDM & T2DM?obesity, GDM & T2DM?
How much of the rise of T2DM might be dueHow much of the rise of T2DM might be due•• How much of the rise of T2DM might be due How much of the rise of T2DM might be due 
to GDM?to GDM?

•• How does the magnitude of the impact of How does the magnitude of the impact of 
GDM vary by ethnic & sex group?GDM vary by ethnic & sex group?

•• How much of the impact of GDM is mediated How much of the impact of GDM is mediated 
via intravia intra-- vs. intervs. inter--generational effects?generational effects?



Why GDM Contribution to 
T2DM Burden is Difficult

•• Diverse pathwaysDiverse pathwaysp yp y
•• Intergenerational, viaIntergenerational, via

• Macrosomia
• Overweight/Obesity
• Epigenetic effects

•• IntragenerationalIntragenerational, direct & via recurrent , direct & via recurrent 
maternal GDM maternal GDM 

•• Diverse mediators & moderatorsDiverse mediators & moderators
•• Fertility ratesFertility rates
•• AgeAge
•• Risk factors dynamics (e.g. ∆ weight)Risk factors dynamics (e.g. ∆ weight)



Simulation Models as 
Dynamic HypothesesDynamic Hypotheses

•• Explaining drivers for trends or anticipating Explaining drivers for trends or anticipating 
intervention impact requires understandingintervention impact requires understandingintervention impact requires understanding intervention impact requires understanding 
dynamic processes underlying observablesdynamic processes underlying observables
A d l t th l i t ti fA d l t th l i t ti f•• A model represents the causal interaction of A model represents the causal interaction of 
diverse factors often studied in isolationdiverse factors often studied in isolation
•• operationally captures a hypothesis for “how operationally captures a hypothesis for “how 

the system works”the system works”
•• Model parameters specify detailed Model parameters specify detailed 

assumptions for particular epidemiological assumptions for particular epidemiological 
contextscontexts



Mathematical Models: Some Uses

•• Make explicit mental models of causality, for Make explicit mental models of causality, for 
discussion and collective refinementdiscussion and collective refinementdiscussion and collective refinementdiscussion and collective refinement

•• Assist in management of complex situationsAssist in management of complex situations
•• Help make sense of interaction of diverse informationHelp make sense of interaction of diverse informationHelp make sense of interaction of diverse information, Help make sense of interaction of diverse information, 

processesprocesses
•• Serve as “What if” tool for identifying desirable policiesServe as “What if” tool for identifying desirable policies

•• CostCost--effective/Higheffective/High--leverage/Robustleverage/Robust
•• Prioritizing research/data Prioritizing research/data collectioncollection
•• Identifying inconsistencies between dynamic Identifying inconsistencies between dynamic 

hypotheses and observableshypotheses and observables
•• Communication Communication (e.g. “learning labs”)(e.g. “learning labs”)
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High-Level GDM Model Structure
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Model Scopep

•• Weight changeWeight change •• DemographicsDemographicsWeight changeWeight change
•• Development of Development of 

T2DMT2DM

DemographicsDemographics
•• Births Births 

D thD thT2DMT2DM
•• WomenWomen

•• DeathsDeaths
•• MigrationMigration

•• PregnancyPregnancy
•• Development of GDMDevelopment of GDM

•• Bill CBill C--31 Status 31 Status 
ReclassificationReclassification•• Development of GDMDevelopment of GDM

•• Recurrence of GDMRecurrence of GDM
•• Development of  Development of  

T2DM from GDMT2DM from GDM



Additional GDM Model Characteristics
•• Saskatchewan populationSaskatchewan population
•• StratificationStratification•• StratificationStratification

•• Age (5 year age categories through age 80, 80+)Age (5 year age categories through age 80, 80+)
SS•• SexSex

•• Ethnicity: First Nations (“RI”) & NonEthnicity: First Nations (“RI”) & Non--First First 
Nations (“OSK”)Nations (“OSK”)Nations ( OSK”)Nations ( OSK”)

•• In In uterouteroexposureexposure
N l iN l i l ti O i htl ti O i ht•• NormoglycemicNormoglycemic population: Overweightpopulation: Overweight

•• Births: Births: MacrosomiaMacrosomia
•• Time horizon (this talk): 1956Time horizon (this talk): 1956--20062006
•• Time step 3 monthsTime step 3 months
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Model Parameter Estimation

•• Direct estimation Direct estimation 
•• Primary clinical & survey data,Primary clinical & survey data,Primary clinical & survey data, Primary clinical & survey data, 

Saskatchewan Health administrative Saskatchewan Health administrative 
databases, secondary literaturedatabases, secondary literature

•• CalibrationCalibration
•• Less easily recognizable parametersLess easily recognizable parametersLess easily recognizable parametersLess easily recognizable parameters
•• ModelModel--structure specific parametersstructure specific parameters
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Saskatchewan Health Administrative 
Diabetes Data (1980-2005)

•• Use of validated algorithm for Use of validated algorithm for 
identifying T2DM casesidentifying T2DM casesy gy g
•• Sample count ~ 108,000Sample count ~ 108,000

•• Used for modelUsed for model•• Used for modelUsed for model
•• Incident casesIncident cases
•• Prevalent casesPrevalent cases•• Prevalent casesPrevalent cases
•• DeathsDeaths
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Data Sources: Demographics
Births (1956Births (1956 2006) &2006) & Initial(1956) breakdownInitial(1956) breakdown•• Births (1956Births (1956--2006) & 2006) & 
(age(age--specific) fertility specific) fertility 
ratesrates

•• Initial(1956) breakdownInitial(1956) breakdown
•• RI: INACRI: INAC
•• OSK:OSK: SaskSask VitalVitalratesrates

•• OSK: OSK: SaskSask Vital StatsVital Stats
•• RI: Health Canada (Vital RI: Health Canada (Vital 

•• OSK: OSK: SaskSask Vital Vital 
StatisticsStatistics

•• Bill CBill C--31 effects31 effects((
Stats of the RI Stats of the RI 
Population of SK) Population of SK) 

D th & D th tD th & D th t

•• (Vital Stats of the RI (Vital Stats of the RI 
Population of SK) Population of SK) 

•• Deaths & Death rates Deaths & Death rates 
(1956(1956--2006)2006)
•• OSK:OSK: SaskSask Vital StatsVital Stats

•• ClatworthyClatworthy/Services /Services 
CanadaCanada

•• Migration (1956Migration (1956 2006)2006)•• OSK: OSK: SaskSask Vital StatsVital Stats
•• RI: RI: SaskSask Vital Stats, Vital Stats, 

Health Canada (Vital Health Canada (Vital 

•• Migration (1956Migration (1956--2006)2006)
•• OSK: OSK: SaskSask Vital StatsVital Stats
•• RI:RI: Health Canada (VitalHealth Canada (Vital

Stats of the RI Stats of the RI 
Population of SK) Population of SK) 

RI: RI: Health Canada (Vital Health Canada (Vital 
Stats of the RI Stats of the RI 
Population of SK)Population of SK)Department of Computer ScienceDepartment of Computer Science



Data Sources 2: Weight Change 
& Pregnancy Related Risks& Pregnancy Related Risks 

•• Weight gain during Weight gain during 
pregnancypregnancy

•• GDM RisksGDM Risks
InitialInitialpregnancypregnancy

•• Gunderson, Abrams et Gunderson, Abrams et 
al. 2000al. 2000

•• InitialInitial
• Preliminary data 

collected for (Dyck, 
Kl l 2002)•• Birth weightBirth weightllink with ink with 

maternal status: maternal status: 
P i d t ll t dP i d t ll t d

Klomp et al. 2002)

•• RecurrenceRecurrence
• Kim, Berger et al. 2007Primary data collected Primary data collected 

for (for (DyckDyck, , KlompKlomp et al. et al. 
2002)2002)

, g

2002)2002)
•• Obesity riskObesity risk

•• RI: Bruner ChadRI: Bruner Chad DyckDyck•• RI: Bruner, Chad, RI: Bruner, Chad, DyckDyck
•• Reeder, CCHSReeder, CCHS
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Data Sources 3: T2DM Risks
•• Following History of GDMFollowing History of GDM

• Feig et al., 2008g

•• No history No history 
• Age, Sex, Ethnicity Specific: Administrative Data
• Hazard Rate Ratio of 

– OW/OB
Fi ld t l 2007» Field et. al 2007

– In Utero Exposure
» Franks et al 2007
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Calibration:
An Analytic Triangulation ApproachAn Analytic Triangulation Approach

•• Formulate initial model as dynamicFormulate initial model as dynamicFormulate initial model as dynamic Formulate initial model as dynamic 
hypotheseshypotheses

•• Parameterize models from local data (whereParameterize models from local data (where•• Parameterize models from local data (where Parameterize models from local data (where 
possible) & secondary literaturepossible) & secondary literature
C lib t i i t tC lib t i i t t•• Calibrate remaining parameters to Calibrate remaining parameters to 
simultaneously best match diverse historic simultaneously best match diverse historic 
ti i & d t i tti i & d t i ttime series & data pointstime series & data points



Example of Calibration points fromExample of Calibration points from 
our T2DM/ESRD Work
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Example Calibration Constraints
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Calibration Matches Many Data Sources



An Example of Some 
Calibration Matches 

(Female, PostReproductive, RI)
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Calibration Results: 
Prevalent T2DM CasesPrevalent T2DM Cases
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Incorporating Calibration Results

•• Compare quality of calibrated modelsCompare quality of calibrated models
•• Use crossUse cross--validation to test model predictionsvalidation to test model predictions
•• Strongly question models lacking consistency Strongly question models lacking consistency 

with historic data or predictive abilitywith historic data or predictive ability
•• Use models with closest calibrations as Use models with closest calibrations as 

“best guesses” concerning“best guesses” concerning
•• Drivers for observable epidemiologic trendsDrivers for observable epidemiologic trends
•• Underlying epidemiology of infectionUnderlying epidemiology of infection

•• Use variance & sensitivity in calibrated Use variance & sensitivity in calibrated & y& y
values to prioritize data collectionvalues to prioritize data collection



Calibration Against Time Series
T2DM Incident casesT2DM Incident cases •• HistoricHistoric DeathsDeaths•• T2DM Incident casesT2DM Incident cases

(Age/Sex/Ethnicity)(Age/Sex/Ethnicity)
T2DM P l tT2DM P l t

•• Historic Historic DeathsDeaths
•• EthnicityEthnicity
•• Age/EthnicityAge/Ethnicity•• T2DM Prevalent casesT2DM Prevalent cases

(Age/Sex/Ethnicity, (Age/Sex/Ethnicity, 
S /Eth i it )S /Eth i it )

Age/EthnicityAge/Ethnicity
•• Age/Sex/EthnicityAge/Sex/Ethnicity

•• MacrosomiaMacrosomia levels levels Sex/Ethnicity)Sex/Ethnicity)
•• T2DM DeathsT2DM Deaths

GDM t b Eth i itGDM t b Eth i it

(Ethnicity)(Ethnicity)
•• Weight Weight 

•• GDM rates by EthnicityGDM rates by Ethnicity
•• Total population sizeTotal population size

gg
•• RI: (Age/Sex)RI: (Age/Sex)
•• All: (Age)All: (Age)

•• By EthnicityBy Ethnicity
•• By Age/Sex/EthnicityBy Age/Sex/Ethnicity



Calibration Against Time Series
•• T2DM Incident casesT2DM Incident cases •• Overweight rates byOverweight rates by•• T2DM Incident casesT2DM Incident cases
(Age/Sex/Ethnicity)(Age/Sex/Ethnicity)

•• T2DM Prevalent casesT2DM Prevalent cases

•• Overweight rates byOverweight rates by
•• Ethnicity/SEthnicity/Seexx

(General pop)(General pop)•• T2DM Prevalent casesT2DM Prevalent cases
•• T2DM DeathsT2DM Deaths

GDM t b Eth i itGDM t b Eth i it

( p p)( p p)
•• SSeexx (overall)(overall)

•• Historic DeathsHistoric Deaths
•• GDM rates by EthnicityGDM rates by Ethnicity
•• Total population sizeTotal population size

B Eth i itB Eth i it

•• EthnicityEthnicity
•• Age/EthnicityAge/Ethnicity

•• By EthnicityBy Ethnicity
•• By Age/Sex/EthnicityBy Age/Sex/Ethnicity

•• Age/Sex/EthnicityAge/Sex/Ethnicity
•• MacrosomiaMacrosomia levels levels 

(b Eth i it )(b Eth i it )(by Ethnicity)(by Ethnicity)
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Calibration Findings
M d l lib t d t lM d l lib t d t l•• Model calibrates adequatelyModel calibrates adequately

•• Multiple calibrations appear to yield Multiple calibrations appear to yield 
consistent pictureconsistent picture

•• Calibration places important constraints on Calibration places important constraints on p pp p
certain lesscertain less--wellwell--known parametersknown parameters

•• Cross calibration: The model reproducesCross calibration: The model reproducesCross calibration: The model reproduces Cross calibration: The model reproduces 
the trends in other time series not used in the trends in other time series not used in 
parameterization & calibrationparameterization & calibrationparameterization & calibrationparameterization & calibration
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Reminder: Calibration Results
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Structural Sensitivity Analysis:
Trending vs No Trending 
(T2DM Prevalent Cases)

Male Female
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OSK
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Key Uncertainty: Rate of T2DMKey Uncertainty: Rate of T2DM 
Amongst GDM Survivors

•• Calibration is tightest when using shared Calibration is tightest when using shared 
RI&OSK on low side of empirical RI&OSK on low side of empirical 
observations in Caucasians & below rates observations in Caucasians & below rates 
in past studies of Aboriginal peoplein past studies of Aboriginal people(high (high 
risk of underestimation)risk of underestimation)risk of underestimation)risk of underestimation)

•• Calibration with a higher assumed Calibration with a higher assumed 
t l d t hi h tt ib ti ft l d t hi h tt ib ti frate leads to higher attribution of rate leads to higher attribution of 

T2DM rise to GDMT2DM rise to GDM
•• The quality of the calibration is The quality of the calibration is 

sensitive to this parametersensitive to this parameterDepartment of Computer ScienceDepartment of Computer Science



T2DM Incidence following GDM:T2DM Incidence following GDM:  
Conservative Assumption
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Scenarios Depicted Here: 
Highly Conservative Calibration

•• Baseline: Baseline: Standard calibrated modelStandard calibrated model
•• No intergenerational effect:No intergenerational effect: No elevation inNo elevation inNo intergenerational effect: No intergenerational effect: No elevation in No elevation in 

risk of offspring T2DM from mother’s GDMrisk of offspring T2DM from mother’s GDM
•• No intra or interNo intra or inter generational effect:generational effect: NoNo•• No intra or interNo intra or inter--generational effect: generational effect: No No 

effects of Gestational Diabeteseffects of Gestational Diabetes
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Crude T2DM Prevalence (OSK)
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Crude T2DM Prevalence (RI)
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Cumulative T2DM Cases (OSK)
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Cumulative T2DM Cases (RI)
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Inter- vs Intra-Generational EffectsInter vs. Intra Generational Effects

I tI t ti l ff t i ifi t b tti l ff t i ifi t b t•• InterInter--generational effects are significant but generational effects are significant but 
•• More distal (a generation down the road)More distal (a generation down the road)
•• Occur more in a higher birth rate context Occur more in a higher birth rate context 

(development & recurrence of GDM)(development & recurrence of GDM)
A k d b hi h b f h bi hA k d b hi h b f h bi h•• Are masked by high numbers of other birthsAre masked by high numbers of other births

•• These impacts grow significantly over timeThese impacts grow significantly over time
•• IntraIntra--generational impacts are also generational impacts are also 

pronounced and shortpronounced and short--termterm
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Intragenerational Exposure 
Cumulative RI T2DM Cases Preceded by GDM
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Intergenerational Exposure:Intergenerational Exposure:
In-Utero Exposure
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Intergenerational Exposure: 
Fraction of Populations with ExposureFraction of Populations with Exposure
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Longer-Term Effects: OSK
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Longer-Term Effects: RI
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Findings Summary
GDM er likel contrib ting hea il to gro thGDM er likel contrib ting hea il to gro th•• GDM very likely contributing heavily to growth GDM very likely contributing heavily to growth 
in T2DM prevalencein T2DM prevalence

Effects much larger amongst Aboriginal peoplesEffects much larger amongst Aboriginal peoples•• Effects much larger amongst Aboriginal peoples Effects much larger amongst Aboriginal peoples 
(GDM raises cumulative T2DM cases by 24%(GDM raises cumulative T2DM cases by 24%--44%)44%)

•• The effects of GDM on T2DM are growingThe effects of GDM on T2DM are growingThe effects of GDM on T2DM are growingThe effects of GDM on T2DM are growing
•• GlycemicGlycemic control in women of childbearing age control in women of childbearing age 

has disproportionate effect on future healthhas disproportionate effect on future healthhas disproportionate effect on future healthhas disproportionate effect on future health
•• IntragenerationalIntragenerational& intergenerational effects large & intergenerational effects large 

•• Key research priority: Rate of T2DM incidenceKey research priority: Rate of T2DM incidence•• Key research priority: Rate of T2DM incidence Key research priority: Rate of T2DM incidence 
in those with history of GDMin those with history of GDM



Limitations

•• Very limited healthVery limited health--related data in related data in 
early decadesearly decadesyy

•• Reliance on a few selfReliance on a few self--report  report  
measuresmeasuresmeasuresmeasures

•• Dichotomous weight categoriesDichotomous weight categories
P i ht i id d tP i ht i id d t•• Poor overweight incidence dataPoor overweight incidence data
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Closing Thoughts

•• GDM is not only important but GDM is not only important but 
prevalent, readily identifiable, prevalent, readily identifiable, p , y ,p , y ,
preventable and treatablepreventable and treatable

•• The findings here have worldwideThe findings here have worldwideThe findings here have worldwide The findings here have worldwide 
implicationsimplications

•• Rate ofRate of diabetogenesisdiabetogenesis in those within those with•• Rate of Rate of diabetogenesisdiabetogenesis in those with in those with 
history of GDM across SK history of GDM across SK 
subpopulation is a priority forsubpopulation is a priority forsubpopulation is a priority for subpopulation is a priority for 
investigationinvestigation Department of Computer ScienceDepartment of Computer Science
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