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a b s t r a c t

Purpose: Most surveillance efforts in childhood diabetes have focused on incidence, whereas prevalence
is rarely reported. This study aimed to assess whether a mathematical illness-death model accurately
estimated future prevalence from baseline prevalence and incidence rates in children.
Methods: SEARCH for Diabetes in Youth is an ongoing population-based surveillance study of prevalence
and incidence of diabetes and its complications among youth in the United States. We used age-, sex-,
and race/ethnicity-specific SEARCH estimates of the prevalence of type I and type II diabetes in 2001 and
incidence from 2002 to 2008. These data were used in a partial differential equation to estimate prev-
alence in 2009 with 95% bootstrap confidence intervals. Model-based prevalence was compared with the
observed prevalence in 2009.
Results: Most confidence intervals for the difference between estimated and observed prevalence
included zero, indicating no evidence for a difference between the two methods. The width of confidence
intervals indicated high precision for the estimated prevalence when considering all races/ethnicities. In
strata with few cases, precision was reduced.
Conclusions: Futureprevalenceof type I and type II diabetes inyouthmaybeaccuratelyestimated frombaseline
prevalence and incidence. Diabetes surveillance could benefit from potential cost savings of this method.

© 2019 Elsevier Inc. All rights reserved.
Introduction

Although diabetes mellitus is one of the most common chronic
diseases of childhood, the absolute prevalence is small, making it
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difficult to estimate prevalence [1]. The most common form of
youth-onset diabetes is type I diabetes, which results from an
autoimmune attack of the insulin-producing beta cells of the
pancreas. At the end of the 20th century, type II diabetes, the most
common form of diabetes in adults, emerged as a pediatric health
concern [2]. This phenomenon may be linked to the increase in
obesity prevalence among adolescents [3], as obesity is a major risk
factor for type II diabetes [4].

In the United States, in youth aged younger than 20 years, the
prevalence and incidence of both type I and type II diabetes are
increasing [5,6]. Public health surveillance of type I and type II dia-
betes at the population level is important for identifying risk factors
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Fig. 1. Illness-death model.
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and planning for future health care delivery as well as determining
the populationeffect of prevention efforts.With the risingprevalence
of type II diabetes in children and adolescents, surveillance efforts
havebegun to include both forms of diabetes. In theUnited States, the
population-based registry of the SEARCH for Diabetes in Youth study
is fulfilling thisneed [7]. Yet, registries are costly, timeconsuming, and
place a substantial burden on health care systems and public health
agencies. There is, therefore, continuous need for improving effi-
ciency and timeliness of surveillance efforts.

One potential approach for reducing costs and work load in
childhood diabetes surveillance could consist of using annual
incidence rates of childhood diabetes to predict prevalence at one
point in time. Most of the surveillance systems for diabetes with
onset in childhood have focused on incidence, and prevalence is
rarely reported. Assessing incidence and following cohorts of newly
diagnosed cases over time are important for understanding the
disease etiology and natural history. However, knowing the prev-
alence may be more important for assessing health care needs and
planning health care resources. Thus, predicting prevalence using
incidence data seems appropriate for maximizing the use of re-
sources in public health surveillance.

The aim of this project was to test the validity of theoretical
relationships between incidence and prevalence estimates and the
practical applicability of using incidence data to estimate preva-
lence in a real-world setting. If the theoretical relationships are
practical, they may help reduce the efforts and endeavors that are
necessary for public health surveillance of diabetes in youth. Spe-
cifically, the present study used the SEARCH study incidence and
prevalence data to determine whether mathematical models
developed by Brinks and Landwehr [8] can be used to predict future
age-, sex-, race/ethnicity-, and type-specific prevalence from the
observed SEARCH baseline prevalence and incidence data.

Methods

Data sources

The data for this study came from the SEARCH for Diabetes in
Youth study. SEARCH is an ongoing multicenter study that starting
in 2001 has been conducting population-based ascertainment of
clinically diagnosed, non-gestational diabetes cases among youth
aged less than 20 years in the United States. A detailed description
of the SEARCH study has been published elsewhere [7,9]. In brief,
prevalent and incident cases were ascertained in five centers across
the U.S. Diabetes cases were identified using networks of endocri-
nologists (pediatric and adult), as well as other health care pro-
viders, hospitals, community health centers, clinical and
administrative data systems, and electronic medical records.
Diagnosis of diabetes was validated through review of medical re-
cords or by a physician referring the case to SEARCH. Case ascer-
tainment was considered greater than 90% complete for the
population under surveillance. Data included prevalent diabetes
cases in 2001 and 2009 with corresponding denominators [5], and
incident cases from 2002 to 2008 with corresponding de-
nominators [6], collected from geographically defined populations
in Ohio, Colorado, South Carolina, and Washington, Indian Health
Service beneficiaries from selected American Indian populations,
and enrollees in a managed health care plan in California. Institu-
tional review board(s) for each site approved the study protocol.

Statistical analysis

Prevalence
SEARCH assessed the prevalence of type I and type II diabetes in

2001 and 2009. Methods for this assessment have been described
in detail [5]. In brief, for prevalence estimates the numerator con-
sisted of all diabetes cases prevalent in 2001 or 2009 who were
aged younger than 20 years on December 31, 2001 or 2009, resident
of the SEARCH geographic sites, Indian Health Service beneficiaries,
or enrollees in the study's California health plan. Active duty mili-
tary and institutionalized individuals were not eligible.
Raceeethnicity was based on self-report or medical records for
94.9% and 97.3% of the participants, respectively in 2001 and 2009,
and on imputation via geocoding for youth who had missing data
(4.1% in 2001 and 2.3% in 2009).

Denominators included youth aged younger than 20 years who
were residents of the geographic study areas, Indian Health Service
beneficiaries, or members of the health plan in 2001 or 2009,
pooled across all sites. For this study, both numerator and de-
nominator were grouped in four racial/ethnic groups: Hispanic,
non-Hispanic white (NHW), non-Hispanic black (NHB), and non-
Hispanic other (other).

Demographic information, date of diagnosis, and diabetes type
were obtained from medical records. Type I and type II diabetes
prevalence estimates in 2001 and 2009 were generated as a func-
tion of age (0,1, … 19 years) in 2001/2009, sex, and race/ethnicity.
Prevalence was expressed as cases per 1000 youth pooled across all
sites with 95% confidence intervals.

Incidence
SEARCH assessed the incidence of type I and type II diabetes

yearly from 2002 onward. From 2002 to 2008, SEARCH identified
6995 incident cases of type I diabetes and 1655 incident cases of
type II diabetes. Methods for diabetes incidence assessment have
been previously described [6]. In brief, incident diabetes cases who
were aged less than 20 years on December 31 of the index year (i.e.,
the year an incident case entered SEARCH) were included. Race/
ethnicity for cases was based on self-report (81%), medical records
(16%), or geocoding (3%). The annual denominators included youth
aged younger than 20 years on December 31 of the index year who
were civilian residents of the geographic study areas, Indian Health
Service beneficiaries of participating American Indian tribes, or
members of the study health plan.

Incidence rates were expressed per 100,000 youth per year
using data pooled across the five centers. Estimates of type I and
type II diabetes incidence were generated as a function of age (0, 1,
… 19 years), sex, race/ethnicity (NHW, NHB, Hispanic, and other),
and calendar year.

Mathematical model
The illness-death model presented in Figure 1 was used to

generate the model-based estimate of the prevalence of type I and
type II diabetes in youth in 2009. This model consists of the
mutually exclusive states: healthy (with respect to the considered
disease), diseased, and dead. The transition rates between the states
are denoted by i,m1, andm0. Thereby, i denotes the incidence of the
disease and m1 and m0 denotes the mortality rates with and
without the disease, respectively. The transition rates are modeled
as functions of age (a) and calendar time (t). Brinks and Landwehr
[10] showed that the rates of transition between states in the
illness-death model can be modeled using partial differential



Fig. 2. Prevalence of type I (A) and type II (B) diabetes in U.S. youth aged 0e19 years by age, sex, and race/ethnicity in 2001.
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equations (PDEs) that express the temporal change of the age-
specific prevalence in terms of the age-specific incidence and
mortality rates. Based on the general mortality m¼ mðt; aÞ ¼
ð1� pÞ �m0ðt; aÞ þ p�m1ðt; aÞ of the population (with p ¼ pðt; aÞ
being the prevalence) and the mortality ratio R ¼ Rðt;aÞ ¼ m1ðt;aÞ

m0ðt;aÞ,
the PDE can be formulated as

� v

vt
þ v

va

�
p¼ð1� pÞ �

�
i�m� p� R� 1

1þ p� ðR� 1Þ
�

(1)

For this analysis, t included all years from 2001 to 2009, and a
included all ages from 0 to less than 20 years. As the mortality rates
in our considered age range are very low for individuals both with
and without diabetes, it is likely that the difference between these
rates is negligible. Therefore, our model assumed that the risk of
mortality for youths with diabetes was the same as in youth
without diabetes, that is, the differencem1 �m0 equals zero. In the
online supplement, we show that this assumption would not affect
our prevalence estimate. That simplifies the PDE to

� v

vt
þ v

va

�
p¼ð1� pÞ � i (2)

Solving a PDE, such as Equation (2), requires initial values. We
used a closed form solution for Equation (2) with the observed
prevalence in 2001 (i.e., pð2001; aÞ) as starting values and the
incidence rates between 2002 and 2008 as input values for the
respective years. For 2001 and 2009, the observed incidence rate
between 2002 and 2008 was extrapolated using natural cubic
splines. To quantify the accuracy of the estimated prevalence, we
calculated 95% bootstrap confidence intervals. Therefore, two
sources of random error were considered. First, we sampled initial
values from the distribution of the age-specific prevalence in 2001.
Second, we sampled input values from the distribution of the age-
specific incidence rates for each year between 2002 and 2009.
Using these sampled initial and input values, we estimated the
prevalence using Equation (2). We repeated this procedure 2000
times and used the 2.5 and 97.5 percentile of the resulting distri-
bution as the lower and upper limit of the 95% confidence interval
of the age-specific prevalence in 2009. To compare the measured
and estimated prevalence, we determined the differences between
them with the corresponding 95% bootstrap confidence intervals.
For all analyses, we used the statistical software R (The R Founda-
tion of Statistical Computing).

Results

Model input: prevalence 2001 and incidence 2002e2008

Figure 2 shows the observed 2001 prevalence of type I and type
II diabetes by age, sex, and race/ethnicity. From a denominator of
3,345,777 youth aged younger than 20 years, a total of 4832 cases of
type I diabetes were identified in 2001. In both males and females,
the prevalence of type I diabetes increased with age, and it was
higher in NHWand NHB youth than in those of other race/ethnicity
group and intermediate in Hispanics. For type II diabetes, a total of
586 cases were observed in 2001. Very few cases were observed
before the age of 10 years (n ¼ 6); afterward, the prevalence
increased with age and was highest among NHB girls and lowest
among NHW girls and boys.

From 2002 to 2008, approximately 4.9 million youths younger
than 20 years of age were under surveillance each year by SEARCH
to estimate diabetes incidence by age, sex, race/ethnicity, and type.
Incidence rates of type I diabetes (cases/100,000 person-years) by
age, sex, race/ethnicity, and calendar year are represented in the
online supplement. In both males and females, the highest inci-
dence of type I diabetes was observed in NHW, followed by NHB
and Hispanic, and lowest among youth of other race/ethnicity
group, and it peeked at around 10e14 years of age. The incidence of
type II diabetes in bothmales and females (online supplement) was
extremely low under the age of 10 years and then it increased in all
race/ethnicity groups, except in NHWyouth. The highest rates were
observed in NHBmales and females, in Hispanic males and those of
other race/ethnicity group.

Comparison of model estimated with observed prevalence in 2009
In 2009, SEARCH identified 6626 cases of diabetes from a de-

nominator of 3,458,969 youth population aged younger than
20 years. The model-estimated and observed prevalence in 2009 of
type I and type II diabetes by age, and race/ethnicity are reported in
Figure 3 (males) and Figure 4 (females). In all race/ethnicity groups
and both sexes, the prevalence of type I diabetes increased with age
and was highest in NHW youth. Type II diabetes prevalence in 2009



Fig. 3. Observed (solid line) and estimated (dotted line) prevalence of type I diabetes (A) and type II diabetes (B) in U.S. males in 2009 by age and race/ethnicity, shaded area
represents 95% confidence intervals.
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in all race/ethnicity groups was extremely low before 10 years of
age and then rose with increasing age. Prevalence was higher in
minority race/ethnicity groups than in NHW youth. Overall, the
mathematical model accurately predicted the observed prevalence.

Figures 5 and 6 depict the estimated differences between the
observed and estimated prevalence of type I and type II diabetes
with corresponding 95% bootstrap confidence intervals. The con-
fidence intervals suggest that a difference of zero between the
observed and estimated prevalence is compatible with the data for
almost the whole age range. However, in NHB, Hispanic, and other
race/ethnicity groups, the statistical uncertainty estimated by
bootstraps was wider because of the smaller number of cases
compared with the NHW group.

Discussion

This study has demonstrated the validity of an analytical
approach to estimate future disease prevalence from baseline
Fig. 4. Observed (solid line) and estimated (dotted line) prevalence of type I diabetes (A) a
represents 95% confidence intervals.
prevalence and incidence data using an illness-death model. Up
to statistical uncertainties, the estimated and observed (true)
prevalence agree quite well in cases where precise estimates for
the input data were available. These findings suggest that the
prevalence of diabetes by type may be estimated fairly accu-
rately from incidence data. This approach, in turn, may increase
efficiency and reduce the costs of surveillance of childhood
diabetes. Analysis code for use with the statistical software R is
available in the Web supplement of the article by Brinks and
Landwehr [8].

In general, the PDE (1) is applicable to all chronic diseases. It can
also be used when diseases have a substantial remission rate and
high mortality [11,12], and empirical work has shown practical
applicability in these situations [13,14]. With regard to validation,
extensive simulations studies [15] as well as a validation study with
real-world data have been performed [16]. The validity of the PDE
predictions is mainly determined by the accuracy and validity of
the input data.
nd type II diabetes (B) in U.S. females in 2009 by age and race/ethnicity, shaded area



Fig. 5. Differences between the observed and estimated prevalence of type I diabetes (A) and type II diabetes (B) in U.S. males in 2009 by age and race/ethnicity, shaded area
represents 95% confidence intervals.
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Besides validity, precision of the prevalence estimates is of
important concern. We quantified the precision with bootstrap con-
fidence intervals that accounted for the sampling error of the input
values. The confidence intervals in smaller racial/ethnic subgroups
were rather wide, indicating limited precision. Hence, the method
might be less appropriate for age-specific prevalence estimation in
small subgroups.However, pooling theseestimatesoverall agegroups
would probably yield sufficient precision, even for racial/ethnic sub-
groups. When considering all races/ethnicities, the confidence in-
tervals for the age-specific prevalence indicated high precision.

Although assessing prevalence can generally be done more
easily than incidence because of the requirement of date of diag-
nosis for incidence, the savings by estimation of prevalence may
still be substantial. In addition, if registers routinely record incident
cases of a disease (e.g., through health care facilities as in SEARCH)
but do not routinely perform cross-sectional studies, this method
provides the possibility to quantify prevalence. Nevertheless, pre-
dicting incidence from repeated prevalence studies would enable
Fig. 6. Differences between the observed and estimated prevalence of type I diabetes (A
represents 95% confidence intervals.
greater savings. However, as mentioned previously, tracking inci-
dent cases allows to set up a cohort study of newly diagnosed cases
(as is done in SEARCH), which provides invaluable information on
the etiology of complications and the course of disease in general.
Hence, there are situations inwhich the information from prevalent
cases is more dispensable than the information from incident cases.

Incidence and prevalence of diabetes and other conditions/dis-
eases are necessary measures for informing epidemiological, etio-
logical, and clinical research as well as the development,
implementation, and evaluation of public health programs [17].
Knowing the number and the distribution of individuals affected by
diabetes in the population at a given point in time provides a
framework for estimating health service needs and related costs.
Incidence and temporal trends of type I diabetes, at least in high- and
middle-income countries, have been well characterized [1]. Preva-
lence estimates, on the other hand, are sparse and often derived by
applying incidence rates to age- and sex-specific estimates of pop-
ulation size, assuming childhood mortality being very low [18]. For
) and type II diabetes (B) in females in 2009 by age and race/ethnicity, shaded area
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type II diabetes in youth, except for the United States, population-
based data on incidence and prevalence are limited [19].

Our study presents some limitations. First, PDE (1) uses the
assumption that the prevalence of type I and type II in migrants is
similar to the resident population. In situations where this
assumption is violated extensively, the equation needs to be
modified as described by Brinks and Landwehr [8]. However, U.S.
national immigration statistics indicate that the annual number of
immigrant youths is very low [20]. Therefore, it is reasonable to
assume that in our study, the proportion of migrants was probably
very low and likely did not affect our estimates.

Second, our model does not include the state of undiagnosed,
that is, individuals with the disease that have not yet been identi-
fied. Type I diabetes diagnosis usually occurs soon after the onset of
symptoms as glucose control deteriorates rapidly because of the
lack of endogenous insulin. Type II diabetes, on the other hand, at
least in adults, could be undetected for years before a diagnosis is
made. However, in youth, population-based screenings for diabetes
have found very few cases of undiagnosed diabetes [21,22]. This
suggests that youth-onset type II diabetes is characterized by a
rapid deterioration of glucose regulation [23] and severe symp-
toms, leading these individuals to seek medical attention. There-
fore, the proportion of the youth population with undiagnosed
diabetes is probably negligible and unlikely to affect our estimates.

As death rate because of diabetes is very low among U.S. youth
[24,25], in our model, mortality data were not included to estimate
prevalence based on incidence rate. We demonstrate (see online
supplement) that the contribution of differential mortality on
prevalence in this age group is negligible and assumed that the
relative risk of mortality was equal to one. However, when there is a
difference in mortality between healthy and diseased persons, as in
adults with diabetes compared with those without it [26], then
mortality rates need to be considered as shown in Tamayo et al [13].

In conclusion, we described an illness-death model capable of
using baseline prevalence and incidence rates to estimate future
age-, sex- and race/ethnicity-specific prevalence of youth-onset
diagnosed type I and type II diabetes. This model could represent
an efficient alternative for childhood diabetes surveillance. In
addition, it could be used for estimating the impact of primary
prevention programs, for example, by estimating the reduction in
prevalent cases for any given reduction in incidence. Together with
the projections of future birth, immigration, and mortality rates,
this method can also be used to project numbers of diabetes cases
by age, sex, and race/ethnicity. Expanding the application of the
illness-death model to estimating age-, sex-, and race/ethnicity-
specific incidence rates from a series of cross-sectional prevalence
studies, as it has been demonstrated by Brinks et al [12], could
enable further potential reductions in surveillance efforts.
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