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The rise of the global epidemic of type 2
diabetes mellitus (T2DM) has been particularly
rapid and acute among disadvantaged and
indigenous populations.' In North America, for
example, aboriginal peoples experience rates of
diabetes several times higher than that among
the general population.® Although research has
pointed to the influence of rapid environmental
and behavioral changes,” as well as possible
genetic contributors,” recent attention has also
been directed at the possible role of diabetic
pregnancies (gestational diabetes mellitus [GDM]
and pre-existing maternal T2DM) in this epi-
demic. Previous research conducted among Sas-
katchewan First Nations people has provided
indirect evidence to support a temporal contri-
bution of GDM. Similar to many North American
aboriginal peoples, Saskatchewan First Nations
people suffer from high rates of GDM,*~® with
First Nations ethnicity being an independent
predictor of GDM and with the magnitude of that
risk exhibiting distinctive interactions between
obesity and ethnicity.”> Among Saskatchewan
First Nations people, rates of GDM and over-
weight or obesity appear to have risen many
years prior to widespread appearance of T2DM.®
High-birthweight (HBW) rates, a frequent com-
plication of GDM, have increased in Saskatche-
wan’s predominantly First Nations communities
over several decades.®® Similar to patterns seen
among other Aboriginal groups,'® diabetic Sas-
katchewan First Nations adults are more likely to
have been born with HBW than are their non-
diabetic counterparts,® and the HBW—-T2DM
relationship appears to have strengthened over
time.® Tn a reversal of the pattern seen in other
Saskatchewan populations, Saskatchewan First
Nations women also suffer from significantly
higher rates of T2DM than do their male
counterparts, with the disparity particularly pro-
nounced in the childbearing years.!

GDM is associated with serious health con-
sequences for both mother and offspring. There
is substantial evidence suggesting that GDM
predisposes women to T2DM, 2715 with
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Objectives. We investigated the contribution of gestational diabetes mellitus
(GDM) to the historic epidemic of type 2 diabetes mellitus (T2DM) in Saskatch-
ewan.

Methods. We constructed a population-level simulation model of the inter-
and intragenerational interaction of GDM and T2DM for the period 1956 to 2006.
The model was stratified by gender, ethnicity, and age; parameterized with
primary and secondary data; and calibrated to match historic time series. Risk of
diabetes was sigmoidally trended to capture exogenous factors.

Results. Best-fit calibrations suggested GDM may be responsible for 19% to
30% of the cases of T2DM among Saskatchewan First Nations people, but only
for approximately 6% of cases among other persons living in Saskatchewan. The
estimated contribution of GDM to the growth in T2DM was highly sensitive to
assumptions concerning the post-GDM risk of developing T2DM.

Conclusions. GDM may be an important driver for the T2DM epidemic in many
subpopulations. Because GDM is a readily identifiable, preventable, and treat-
able condition, investments in prevention, rapid diagnosis, and evidence-based
treatment of GDM in at-risk populations may offer substantial benefit in lowering
the T2DM burden over many generations. Model-informed data collection can
aid in assessing intervention tradeoffs. (Am J Public Health. 2011;101:173-179.

doi:10.2105/AJPH.2009.186890)

approximately 4% to 10% of GDM cases pro-
ceeding on to T2DM within the first 9 months
after pregnancy.'®~® Occurrence of GDM during
a pregnancy is also a predictor for GDM in future
pregnancies,” as well as for other conditions such
as cardiovascular disease.'® Finally, because GDM
encourages fetal growth,'* women with GDM are
more likely to require caesarean sections and are
at greater risk of complications during birth.2°
For children, the consequences of GDM
are of equal or greater severity. GDM signifi-
cantly elevates the risk of macrosomia and
risk of fetal injury during delivery. Children of
mothers with GDM also tend to have higher
adiposity?® and abnormal glucose tolerance.”'~2%
Seminal work carried out in the Pima Indian
population showed that the children of women
with diabetes during pregnancy had increased
rates of obesity'**”~2? and T2DM>*=3 by
adolescence and early adulthood. Observations
from Manitoba, where aboriginal children with
diabetes were more likely to have experienced
a diabetic intrauterine environment,* support
this finding. Some of these effects appear to be

independent of birthweight.?” Findings from
animal models® and from sibling studies,?® the
absence of influence of paternal diabetes, 3638
and an apparent dose—response relationship be-
tween gestational glycemic control and risk of
diabetes in one’s offspring®> suggest that GDM
plays a causal role.2**"39 Evidence is mixed as
to the degree to which infants of glycemically
well-controlled mothers with GDM remain at
risk 2740

Although the concept of an intergenerational
vicious cycle of diabetic pregnancies leading to
progressively increasing rates of T2DM has
been demonstrated in animal models®® and is
now increasingly cited as a possible contributor
to the diabetes epidemic,'*33**2 this effect has
been challenging to observe and measure in
diverse human populations. This may be in part
because GDM was not broadly diagnosed until
the 1980s and because of the long delays associ-
ated with intergenerational effects. Studies among
the Pima have suggested that GDM has played
a dominant role in elevating rates of T2DM
among that population.®* Although these findings

Osgood et al. | Peer Reviewed | Research and Practice | 173



have been seminal for providing evidence that

a vicious cycle is operating and suggest the
importance of the subject, they require transla-
tion to understand the degree to which GDM
contributes to T2DM rates among other popula-
tions. This translation process requires add-
ressing a variety of contextual factors that distin-
guish the populations of interest, such as
differences in age-specific fertility rates, birth-
weights, population-specific risk factors for GDM,
weight profiles through life, and differences in
health care systems. Establishing the existence
and strength of a link between diabetic pregnan-
cies and the epidemic of T2DM is important
because it would contribute to our basic under-
standing of this devastating chronic disease, pro-
vide novel opportunities for primary prevention
initiatives, and allow for targeted allocation of
health care resources. While awaiting more de-
finitive longitudinal studies, there are prospects
for leveraging the large body of evidence re-
garding the linkages between diverse factors that
shape the inter- and intragenerational influences
of gestational diabetes on population health (e.g.,
changing fertility patterns, onset and progression
of diabetes, macrosomia and overweight, mortal-
ity, and weight gain during and outside of preg-
nancy). Simulation modeling provides an attrac-
tive vehicle both for exploring contributions of
GDM to the observed rates and changes in
diabetes rates by ethnicity and gender and for
lending insight into how focused interventions
might reduce this burden. To this end, we in-
vestigated the contribution of GDM on the historic
epidemic of T2DM in Saskatchewan. Saskatche-
wan offers a valuable opportunity to examine
these factors because of the availability of a long
and rich sequence of administrative data,*> the
systematic series of studies that have already been
conducted related to this subject, and the avail-
able interdisciplinary expertise.

METHODS

To better understand the historical impact of
gestational diabetes on T2DM, we built a pop-
ulation-level system dynamics model depic-
ting inter- and intragenerational interaction of
GDM and T2DM. The model was constructed
using the software package Vensim DSS version
5.6b.** All simulations were performed with a 3-
month time step by using Euler integration.
Similar to traditional Markov modeling, the
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System Dynamics model simulated the transi-
tions of individuals between different health
states. However, as a dynamic model it also
incorporated varying transition rates and fea-
tured an open population affected by births,
deaths, and migration.

The model characterized the flow of the
population among 7 subscripted compart-
ments:

* Normal/Underweight,

+ Overweight,

« T2DM,

+ Normal/Underweight during pregnancy,
+ Overweight during pregnancy,

+ GDM,

» GDM History.

The first 3 of these compartments applied
to both males and females; the final 4 to
women only.

Each of these compartments was further
subdivided into finer subcategories through the
use of subscripting. Specifically, subscripting
was used to stratify individuals within a com-
partment by age (among 17 age categories),
ethnicity (Saskatchewan First Nations people—
Saskatchewan Ministry of Health beneficiaries
registered under Section 6 of the Indian Act
and assigned a 10-digit number in the Indian
Registry—and other Saskatchewan popula-
tions), in utero exposure status (exposed, un-
exposed), and, where required, sex (male, fe-
male). At a given point in time, an individual in
the model would thus be counted in exactly 1 of
a total of 680 stocks (state variables).

When an individual underwent a change in
health status, they transitioned from one stock
to another. Such flows were associated with
aging, onset and completion of pregnancy,
birth, onset of GDM, development of over-
weight, development of T2DM, and death. Age-
specific fertility rates were used to determine
the relative distribution of pregnancies among
age groups, but the total fertility rate was in-
dependently adjusted for each ethnic group to
match the historic number of births for a given
year.

The model further represented both net
migration and the effects of Federal Bill C-31*°
(which had the effect of reclassifying over 10000
members of the other Saskatchewan population
as Saskatchewan First Nations people). In both

cases, only aggregate ethnic-specific data was
available and calibration was used to distribute
the total among age and sex groups.

While the model took into account a number
of factors likely to have influenced the rise of
T2DM in Saskatchewan, there were many
dynamic factors not directly captured. For
example, previous studies with Canadian ab-
original communities have documented im-
portant changes in the level of physical activ-
ity”45~*% and dietary*®~°° patterns over the
period studied. To reduce the risk of attributing
to GDM temporal trends caused by other factors,
we accounted for the impact of other rising risk
factors on the observed growth in T2DM in-
cidence. Specifically, we used an implicit repre-
sentation of the influence of diverse factors on
T2DM risk by sigmoidally trending diabetes
incidence rates over time. The magnitude, ra-
pidity, and timing of the “S”-shaped rise in T2DM
incidence rates were assumed to be the same
across ethnic, sex, and age groups and were
calibrated to best match historic data. By con-
trast, because the rise in GDM rates is believed to
have significantly predated those of T2DM, and
to limit the number of parameters being cali-
brated, we left GDM incidence rates untrended.

Parameter Estimation

Model parameters were estimated in 2 ways.
Where suitable data was judged to be directly
available, those estimates were used directly in
the model. In cases where such data was
limited or lacking, model parameters were
adjusted (i.e., calibrated) so that the model
results best-matched historic time series or data
reported in the peer-reviewed literature.

Sources for direct parameter estimates. Pa-
rameter estimates were drawn from a wide
variety of sources, including sources in the
secondary literature, clinical and survey data we
collected, Saskatchewan and Health Canada
vital statistics, and Canadian surveys,!7183251-54
While most parameters were treated as con-
stant, some, such as death rates and fertility
rates, were trended according to historical time
series.

Calibration. Although a wide variety of his-
toric time series and data points were available
through Saskatchewan public health reports,
vital statistics, and other sources, such data
frequently were too aggregate for use in direct
estimation of model parameters. These data,
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however, did offer important indirect constraints
on model parameters by providing reference
modes®® to be matched by a model. Many
parameters for which data estimates were less
readily available were adjusted to yield a best
match against a wide variety of historic time
series. Calibration was performed for over
300000 simulations by using a multistart linear
Powell optimizer. Historic data series against
which model output was compared are given in
Table 1. As anticipated by its linear mathematical
structure, the convergence of model calibration
on very similar sets of values suggested that the
best fit parameter values obtained via calibration
were unique (details of model calibration avail-
able on request). Figure 1 illustrates how model
output compared with reported diabetes rates for
the study period. Even in the presence of unique
solutions, the estimates of model parameters
that emerged from calibration were condi-
tional on model structure and therefore not
guaranteed to be accurate. However, taken
jointly with the model structure and the
estimated values of other parameters, they
specified at least 1 reasonably consistent
dynamic hypothesis for processes underlying
historically observed patterns.

The default model calibration tuned the
annual risk of T2DM assumed to extend from
a GDM pregnancy in Saskatchewan First Na-
tions people to best match historic data. Be-
cause the calibrated value of this parameter
suggested a rate well below that suggested by
published studies of aboriginal populations,'®
we also conducted a second model calibration in
which this parameter remained fixed at a con-
servative value suggested by a previous study
of development of diabetes among the Navajo
following pregnancy.*

Initial State

An important goal of the project was to
better understand the extent to which the
GDM-T2DM link could explain the rise in
GDM and T2DM in Saskatchewan. Because
most elements of this rise took place over the
past half century, we initialized the model to an
estimate of the 1956 population.

The demographic structure of the 1956
population was estimated from the Census of
Indian Population in the Report of the Depart-
ment of Citizenship and Immigration 1956—
1957 (for Saskatchewan First Nations people)>>
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FIGURE 1—Fitting of model to historic time

1980-2005.

and from the Vital Statistics of Saskatchewan (for
other Saskatchewan populations).>*

Lacking direct data on the weight charac-
teristics of either the Saskatchewan First Na-
tions people or other Sakatchewan populations
in the 1950s, we made use of an approxima-
tion. On the basis of research that suggested
low rates of weight change between the late
1950s and 1971 to 1973,%° we assumed that
weight status in 1956 was equivalent to that from
1971 to 1973. We used aggregate sex-specific
data for the population aged 20 to 64 years from
Chad et al.’” (adjusting by the age-structure of
the population) and age- and sex-specific un-
weighted estimates from Statistics Canada®® to
arrive at rough estimates of weight status in
1956. Identical breakdowns by weight were
assumed for the Saskatchewan First Nations
people and other Saskatchewan populations in
the initial year. Although we purposefully se-
lected these data sources knowing that they

Saskatchewan First Nations (SKFN) males and (b) Saskatchewan First Nations females:

series to show diabetes prevalence for (a)

would err on the side of assuming higher earlier
rates of overweight and obesity (thereby attrib-
uting less of the rise of T2DM to GDM), we
performed a sensitivity analysis in which we
recalibrated the model against an initial state
with half of the assumed level of overweight.

Finally, the T2DM prevalence in the 1956
populations of Saskatchewan First Nations
people and other Saskatchewan residents was
assumed to be equal and was estimated by
extrapolating US National Health Interview
Survey (NHIS) derived estimates back from
1960, using NHIS data from 1960 to 1981.%°
These numbers were corrected for estimated
differences between Saskatchewan and the US
population by using respective information on
the 1981 diabetes prevalence of each area.

Scenarios
Model scenarios for a given ethnicity were
compared to a baseline (reference) scenario for
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TABLE 1—Descriptions of Study Data Sources

Description (Year)

Source

T2DM incidence cases (1980-2005)

T2DM prevalent cases (1980-2005)

T2DM deaths by age, sex, and ethnicity (1980-2005) and by ethnicity (OSK: 1956-2006;
SKFN: 1956-2004)

GDM rates for mothers without diabetes mellitus by ethnicity (1998)

Total population size by ethnicity (1956-2004) and by age, sex, and ethnicity (OSK:
1980-2006; SKFN: 1976-2006)

Macrosomia rates by ethnicity (OSK: 1992-2004; SKFN: 1985-2004)

Saskatchewan Health Administrative Data
Saskatchewan Health Administrative Data
Saskatchewan Health Administrative Data

Dyck et al.’

Saskatchewan Vital Statistics (Saskatchewan Health; OSK populations)®*; Vital Statistics of the
Registered Indian Population of Saskatchewan (Health Canada; SKFN populations)®®

Saskatchewan Vital Statistics (Saskatchewan Health: O0SK populations)®®: Vital Statistics of the

SKFN overweight rates by age and sex (1992-2005)
Saskatchewan overweight rates by age (2001-2007)

SKFN deaths by age and sex (1976-1986)

Historic deaths by ethnicity (1919-2006), age, and ethnicity (1956-1973)

Registered Indian Population of Saskatchewan (Health Canada; SKFN populations)®®

Dyck et al.° and Katzmarzyk®®

Chad et al.”’

Saskatchewan Vital Statistics (Saskatchewan Health)*
Vital Statistics of the Registered Indian Population of Saskatchewan (Health Canada

)53

that ethnicity in which the calibrated model
was run forward from 1956 through 2006
using default parameter settings. Alternative
scenarios were specified using alternative pa-
rameter settings and run over the same period
of time. The results of these scenarios were
then compared to the baseline scenario for the
appropriate ethnicity.

Three scenarios were run. The first (base-
line) performed the simulation for the default
values of parameters. The second and third
scenarios were counterfactual. The second
scenario (no GDM) eliminated all impacts of
GDM on both the mother and the child. The
third scenario (no intergenerational effects of
GDM) removed only the intergenerational im-
pacts of GDM (but not of maternal T2DM), by
eliminating the effects of GDM on the children’s
weight or risk of T2DM.

RESULTS

Scenario results are shown in Figure 2 for
Saskatchewan First Nations people and other
Saskatchewan populations, respectively. The
baseline and no GDM scenarios represent the
2 extreme scenarios; the other scenario shows
the results in between.

The baseline scenario accurately captured
many historical trends throughout the calibra-
tion and other data sets. Judging by matches in
those years where data on diabetes incidence
and prevalence were available and by early
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Note. GDM =gestational diabetes mellitus; OSK=other Saskatchewan populations; SKFN = Saskatchewan First Nations people; T2DM=type 2 diabetes mellitus.

reports indicating extremely low diabetes rates
amongst the Saskatchewan First Nations pop-
ulation in the 1930s,°° the baseline scenario
captured quite well the observed rise in diabetes
diagnoses (Figure 1). Although we lack historic
data to confirm this, the calibrated model sug-
gested that diabetes rates exhibited a gradual rise
throughout the 1960s and 1970s in both the

Baseline
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Saskatchewan First Nations people and other
Saskatchewan residents, yielding the sizeable
prevalent populations of diabetes cases reported
in 1980 administrative data.

For Saskatchewan First Nations people, the
elimination of all influences of GDM from both
mother and child in the model resulted in an
approximately 19% reduction in cumulative

2004
2006

2002

1980-2005.

FIGURE 2—Model results for cumulative cases of diabetes for the 3 scenarios for (a)
Saskatchewan First Nations (SKFN) populations and (b) other Saskatchewan residents:
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incidence of T2DM over the 50-year time
period. The difference in diabetes burden
between this scenario and the baseline wid-
ened rapidly especially early on, suggesting

a possible strong early role for GDM in affect-
ing T2DM rates amongst the Saskatchewan
First Nations population. This gap then slowly
enlarged over time as each successive genera-
tion emerged and was followed through the life
course. These reductions of cumulative diabe-
tes burden were much smaller in the other
Saskatchewan populations (5.7%). In terms of
prevalence, these results were similar, with the
simulated elimination of GDM yielding de-
creases of 18.1% and 7.0% for Saskatchewan
First Nations people and other Saskatchewan
populations, respectively.

The elimination of all intergenerational
impacts of GDM in Saskatchewan First Na-
tions people yielded a modest but widening
reduction in the prevalence of diabetes over
time; the total reduction in prevalence was
7.33% by 2006. The timing of the growth of
this impact was strongly shaped by the mat-
uration times associated with successive
generations, the levels of GDM seen, and
birth rates. Continuation of the simulations
suggested that the intergenerational impacts
of GDM in the model would expand rapidly in
future decades, as those exposed in utero
became at highest risk of developing diabetes
(data not shown). The small magnitude of this
impact in other Saskatchewan populations
(approximately 0.89% by 2006) reflected the
lower risks apparently associated with GDM
in that population and the lower birth rates
involved.

Recalibration against an alternative initial
state yielded virtually no change in the scenario
outcomes. By contrast, we found that results
were highly sensitive to calibration assump-
tions regarding the yearly risk of developing
T2DM borne by Saskatchewan First Nations
mothers with a history of GDM. The alternative
calibration in which the associated parameter
was left fixed at a conservative value yielded an
approximately 50% higher estimated impact of
GDM on cumulative T2DM cases (with GDM
attribution increasing to 30.4%). The quality of
the alternative calibration remained very sim-
ilar to the original calibration, except for a
modest decrease in the closeness of fit to his-
toric data of model-estimated T2DM rates
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among Saskatchewan First Nations women in
their reproductive years.

DISCUSSION

Building on epidemiological observations
suggesting that a “vicious cycle”**33#42 of
T2DM among the Pima Indian population exists,
we used computational modeling to examine the
contribution of GDM to the T2DM epidemic
amongst Canadian aboriginal peoples. Model
results suggested that although GDM was likely
a major contributor to the ongoing T2DM
epidemic among Saskatchewan First Nations
people, it may have had only a minor impact on
the rise of T2DM among other Saskatchewan
populations. Within the next few decades, the
intragenerational impacts of GDM will be par-
ticularly dominant. In the multidecade time-
frame, the intergenerational effects of GDM may
be as large.

Although our results suggest that GDM may
be a highly important causal factor in the T2DM
epidemic for many subpopulations, it is also
notable for being readily identifiable, prevent-
able, treatable, and prevalent. Studies suggest
that improvements in glucose control during
GDM may reduce the risk of macrosomia and
birth complications,” childhood obesity,** and

birth complications. Pre- and postnatal exercise®

63,64

and dietary programs may offer benefits in
lowering the occurrence and severity of GDM.
Moreover, there is a great potential for behaviour
change because pregnancy is associated with

a short timeframe, close contact between women
and the health care system, the presence of an
inexpensive screening test, and a high level

of motivation on the part of many expectant
mothers for investments in health for the dura-
tion of a pregnancy.® Despite the presence of
barriers to breastfeeding among women with
GDM, %57 interventions promoting higher initi-
ation and duration of breastfeeding also show
promise. Although further research is required,®”
breastfeeding appears to lower the risk of child-
hood obesity and T2DM among children,®®
including those of diabetic mothers.%”®° In ad-
dition to these intergenerational effects, breast-
feeding may offer benefits in delaying or
reducing risk of T2DM®*°? among women with
a history of GDM. Lactation heightens metabo-
lism, appears to facilitate postpartum weight loss,
and enhances short-term glucose tolerance, but

evidence for a beneficial effect on long-term
maternal glucose tolerance is limited.%”

From a worldwide perspective, it is impor-
tant to recognize that the high risk associated
with GDM in Saskatchewan First Nations peo-
ple may be shared by many other groups. GDM
rates are rising across North America and are
particularly high in some subpopulations,**”*7*
There is also growing evidence that exposure
to a dysglycemic uterine environment elevates
risk of obesity, prediabetes and diabetes among
White populations.2125:2640.72-77

Our study had a number of important limi-
tations. Most notable was the need to incorpo-
rate a more detailed representation of other
factors contributing to the rise in obesity, such as
changes in physical activity levels and dietary
behavior. In light of recent findings suggesting
a linkage between maternal visceral adiposity
and risk of impaired glucose tolerance,”® the
model could benefit from a more refined repre-
sentation of weight and from distinguishing the
weight status of women with a history of GDM.
Finally, whereas studies have suggested signifi-
cant intergenerational risks extending from dys-
glycemia below the GDM classification thresh-
0ld,>* our model significantly underplays those
risks. Future simulation studies could benefit
from finer representation of degrees of maternal
glycemic control.

An important finding from our work was the
identification of priorities for additional study
of both intragenerational and intergenerational
effects of GDM. At the intragenerational level,
our study suggests that improved estimates of
the risks of T2DM borne by post-GDM Sas-
kaetchewan First Nations mothers could
greatly improve our understanding of the
contribution of GDM to the T2DM epidemic.
Our study also suggested the importance of
better understanding the long-term effects of in
utero exposure within White populations. Be-
cause we have made conservative assumptions
in modeling the intergenerational effects of
GDM among other Saskatchewan populations,
our study may have underplayed the actual
impact of GDM in that group.

Attribution is a critical consideration when
examining counterfactual scenarios. As noted
earlier, GDM is most likely diabetogenic in the
association between GDM and T2DM in the
mother and the offspring. Dose—response re-
lationships and sibling studies of discordant
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siblings strongly suggest that occurrence of
GDM plays an important causal role in wors-
ening the risk of T2DM in one’s children. In the
mother, the evidence for the causal mecha-
nisms of the interaction remains less complete,
and some of the association between GDM and
T2DM may not be causal. In light of this limited
evidence, 2 points bear emphasis when consid-
ering scenario outcomes. First, it is best to view
the model’s estimate of the intragenerational
contribution of gestational diabetes to T2DM as
an upper bound on the historic contribution.
Second, in light of the fact that GDM is a highly
identifiable risk factor for T2DM, even for any
degree to which GDM serves as more of a
marker for T2DM risk than as a causative fac-
tor, the model estimates may still help to give
some sense of the possible benefits of aggressive
targeted interventions strategies informed by
appearance of GDM.

Investments in preventive programs and
rapid diagnosis and aggressive treatment
among high-risk women may offer high returns
in improved health not only throughout the
mother’s life but also for many generations
hence. m
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