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Abstract 

Background Incidence is one of the most important epidemiologic indices in surveillance. However, determining 
incidence is complex and requires time‑consuming cohort studies or registries with date of diagnosis. Estimating inci‑
dence from prevalence using mathematical relationships may facilitate surveillance efforts. The aim of this study was 
to examine whether a partial differential equation (PDE) can be used to estimate diabetes incidence from prevalence 
in youth.

Methods We used age‑, sex‑, and race/ethnicity‑specific estimates of prevalence in 2001 and 2009 as reported in 
the SEARCH for Diabetes in Youth study. Using these data, a PDE was applied to estimate the average incidence rates 
of type 1 and type 2 diabetes for the period between 2001 and 2009. Estimates were compared to annual incidence 
rates observed in SEARCH. Precision of the estimates was evaluated using 95% bootstrap confidence intervals.

Results Despite the long period between prevalence measures, the estimated average incidence rates mirror the 
average of the observed annual incidence rates. Absolute values of the age‑standardized sex‑ and type‑specific mean 
relative errors are below 8%.

Conclusions Incidence of diabetes can be accurately estimated from prevalence. Since only cross‑sectional preva‑
lence data is required, employing this methodology in future studies may result in considerable cost savings.
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Background
In epidemiologic practice, assessing serial incidence rates 
is typically more difficult than calculating the prevalence 
of a disease [1]. For this reason, statistical methods aim-
ing to use prevalence data to estimate incidence are of 
special interest for disease surveillance. Such approaches 
may be alternatives to developing disease registers for 
chronic conditions such as diabetes mellitus, which are 
time-consuming and costly. Especially with regard to 
quantifying the burden of chronic diseases in youth, 
type 1 and type 2 diabetes mellitus have been the focus 
of extensive surveillance efforts and are therefore a good 
condition to evaluate statistical methods for estimating 
incidence rates from prevalence data.

Type 2 diabetes, resulting from insulin resistance (most 
commonly associated with obesity) and inadequate beta 
cell compensation, is the most common form of diabetes 
in adults. Type 1 diabetes, resulting from an autoimmune 
attack on the insulin producing cells of the pancreas, is 
the most common form of youth-onset diabetes and one 
of the most common chronic diseases of childhood. Type 
1 diabetes affects about 167,000 young people in the U.S. 
resulting in a prevalence of 1.93% in 2009 [2]. With the 
rise in obesity in youth over the past three decades, type 
2 diabetes in youth has also become a pediatric health 
concern [3–5], although still less common than type 
1 diabetes in this group. Due to a comparatively small 
absolute prevalence, observing new cases and estimating 
incidence rates of type 1 diabetes among adults, and type 
2 diabetes among youth, can be challenging.

Since the incidence and prevalence of type 1 and 
type 2 diabetes are increasing in the U.S. population 
aged < 20 years [6, 7], surveillance at population level has 
become an important tool for identifying potential risk 
factors, evaluating the efficacy of prevention programs, 
and planning for future health care needs and expendi-
tures. However, surveillance efforts are costly and time 
consuming [8]. Measurement of incidence is one of the 
goals of surveillance of non-diseased populations and 
usually requires a time frame in which a population at 
risk is observed and followed up to develop the disease. 
Prevalence studies are easier to design because follow up 
examinations are not necessary, and they are less expen-
sive than studies to estimate incidence rates [1]. Thus, an 
accurate method of estimating incidence rates from prev-
alence data is likely to improve efficiency of public health 
surveillance efforts.

The aim of these analyses was to determine whether 
prevalence can be used to estimate average annual inci-
dence rates using data from the SEARCH for Diabetes in 
Youth study [9]. To this end, we employed SEARCH prev-
alence data to estimate average incidence rates between 
2001 and 2009 based on a model developed by Brinks 

and Landwehr [10]. The estimated incidence rates were 
then compared to the observed SEARCH annual age-, 
sex-, race/ethnicity-, and type-specific incidence data.

Methods
Data sources
This study is based on data from the SEARCH for Diabe-
tes in Youth study, which was a multicenter study from 
2001 to 2020, conducting population-based ascertain-
ment of clinically diagnosed, non-gestational diabetes 
cases among youth aged less than 20 years in the United 
States. In short, five centers across the US report preva-
lent and incident diabetes cases which were identified 
by participating endocrinologists (pediatric and adult), 
as well as other health care providers, hospitals, health 
systems, community health centers, clinical and adminis-
trative data systems and electronic medical records. Vali-
dation of diagnosis of diabetes was done by review of a 
physician’s diagnosis of diabetes in the medical records. 
For the population under surveillance, case ascertain-
ment was estimated > 90% complete [7]. Diabetes cases 
were ascertained from geographically defined popula-
tions in Ohio, Colorado, South Carolina and Washing-
ton, Indian Health Service beneficiaries from selected 
American Indian populations, and enrollees in a man-
aged health care system in California. Institutional review 
board(s) for each site approved the study protocol. For a 
more detailed description of the study we refer to Ham-
man et al. and The SEARCH Study Group [9, 11].

Statistical analysis
Prevalence
Prevalence of type 1 and type 2 diabetes was available 
separately for 2001 and 2009. Assessment methods have 
been described elsewhere [6]. To determine prevalence, 
the numerator included all prevalent diabetes cases in 
2001 or 2009 who were < 20 years of age on December 31, 
2001 or 2009, resident of the SEARCH geographic sites, 
Indian Health Service beneficiaries, or enrollees in the 
participating health system. Institutionalized individu-
als and active duty military were not eligible. Using self-
reports or medical records, race/ethnicity was available 
in 2001 and 2009 for 94.9% and 97.3% of the study partic-
ipants, respectively. Missing data on race/ethnicity were 
imputed via geocoding (5.1% in 2001 and 2.7% in 2009).

Denominators were based on the number of partici-
pants aged < 20  years who were residents of the geo-
graphic study areas, Indian Health Service beneficiaries, 
or members of the participating health system in 2001 
or 2009.

For the present analysis, numerator and denominator 
were grouped into four racial/ethnic groups: Hispanic, 



Page 3 of 8Hoyer et al. BMC Medical Research Methodology           (2023) 23:39  

non-Hispanic white (NHW), non-Hispanic black (NHB), 
and non-Hispanic other (other).

Medical records were used to determine date of diagno-
sis, diabetes type and demographic information. Diabetes 
type-specific prevalence in 2001 and 2009 were estimated 
for each age from 0 to 19 years, sex, and race/ethnicity.

Incidence
Incident cases of type 1 and type 2 diabetes were ascer-
tained from 2002 onwards in SEARCH. Between 2002 
and 2008, 6,995 incident cases of type 1 diabetes and 
1,655 incident type 2 diabetes cases were identified.

Assessment of diabetes incidence in SEARCH has 
been described elsewhere [7]. In short, all incident dia-
betes cases aged less than 20  years on December 31 of 

the year an incident case entered SEARCH (index year) 
were included. Self-report (81%), medical records (16%), 
and geocoding (3%) were used to assess race/ethnicity. 
Individuals who were aged less than 20 years on Decem-
ber 31 of the index year and were civilian residents of the 
geographic study areas, Indian Health Service beneficiar-
ies of participating American Indian tribes, or members 
of the participating health plan were part of the annual 
denominators for determining incidence.

Pooling the data across the five centers, annual inci-
dence rates were given per 100,000 person years. Diabe-
tes type-specific incidence rates were estimated for each 
age ranging from 0 to 19  years, sex, race/ethnicity, and 
calendar year.

Mathematical model
Figure 1 depicts the illness-death model which was used to 
estimate the incidence rates of type 1 and type 2 diabetes 

in youth between 2001 and 2009 based on prevalence 
data in 2001 and 2009. The model consists of three states: 
Healthy (with respect to the considered disease), Diseased, 
and Dead. The transition rates between the states are the 
incidence i of the disease, and the mortality rates m1 and 
m0 with and without the disease, respectively. All transition 
rates depend on age ( a ) and calendar time ( t ). As shown by 
Brinks and Landwehr [12] the model is governed by a sys-
tem of partial differential equations (PDE) that relates the 
temporal change of age-specific prevalence to age-specific 
incidence and mortality rates. Using the general mortal-
ity m = m(t, a) = (1− p)×m0(t, a)+ p×m1(t, a) of the 
population where p = p(t, a) denotes the prevalence, and 
the mortality rate ratio R = R(t, a) = m1(t, a)/m0(t, a) , 
the PDE is given by

For the present analysis, a represents all ages from 0 
to < 20 years and t covers all years from 2001 to 2009. As 
mortality rates of youth in the chosen age range are very 
low in individuals with diabetes as well as without [13], 
the difference between these rates is low and therefore 
negligible. Consequently, we assumed that both mortality 
rates are equal, resulting in a difference m1 −m0 = 0. It 
has been shown that this assumption does not affect the 
final estimates [14]. Finally, the PDE simplifies to

Observed prevalence estimates in 2001 were used as 
starting values for solving the PDE (2). Furthermore, 
prevalence from 2009 was used as input value aiming 
to estimate the average incidence rates between 2001 
and 2009. To evaluate the accuracy of the estimated 
incidence, 95% bootstrap confidence intervals were 

(1)(∂/∂t + ∂/∂a)p = (1− p)× [i −m× p× (R− 1)/(1+ p× (R− 1))]

(2)(∂/∂t + ∂/∂a)p = (1− p)× i

Fig. 1 Illness‑death model
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calculated. Doing so, we sampled initial as well as input 
values from the distribution of the age-specific preva-
lence in 2001 and 2009, respectively. Based on the sam-
pled values, the average annual incidence rates between 
2001 and 2009 were estimated using Eq. (2). This proce-
dure was repeated 5,000 times. Finally, we used the 2.5 
and 97.5 percentile of the resulting distribution as the 
lower and upper limit of the 95% confidence interval of 
the type-, age-, race/ethnicity- and sex-specific aver-
age annual incidence rates between 2001 and 2009. For 
comparison of the estimated average incidence rates (E) 
with the observed average incidence rates (O), we present 
relative errors in percent, i.e. 100% × (E-O)/O, together 
with the associated 95% bootstrap confidence intervals. 
For easier comparison, incidence rates were additionally 
standardized by age with standardization weights from 
US general population in the year 2000. All analyses were 
done using the software R (The R Foundation of Statisti-
cal Computing).

Results
Model input: prevalence in 2001 and 2009
Figure  2 depicts the observed prevalence of type 1 and 
type 2 diabetes by age, sex, and race/ethnicity in the years 
2001 and 2009. From 3,345,777 and 3,458,969 youth 
aged < 20 years, 4,832 and 6,626 cases of type 1 diabetes 
were identified in 2001 and 2009, respectively. For both 
years and sexes, prevalence of type 1 and type 2 diabetes 
increased with age. For type 1 diabetes, the prevalence 
was higher in NHW and NHB compared to Hispanics 

and other race/ethnicity groups. With respect to type 
2 diabetes, 586 and 1,140 cases were identified in 2001 
and 2009, respectively. Prevalence was lowest in the ages 
below 10 years, increasing afterwards. The highest preva-
lence was observed among NHB females.

Comparison of model‑estimated with observed annual 
incidence rates between 2001 and 2009
Between 2001 and 2009, a total of 9,118 new diabetes 
cases within 74,413,003 person years were reported by 
SEARCH for the youth population aged < 20 years. Max-
imum and minimum observed as well as model-esti-
mated incidences between 2001 and 2009 of type 1 and 
type 2 diabetes by age, and race/ethnicity are depicted 
in Figs.  3 (males) and 4 (females). Note that SEARCH 
reports incidence annually. However, our aim was to 
estimate incidence for the 2001–2009 time period. 
Therefore, our estimate can be seen as an average rate 
over the annually reported incidences. Thus, we show 
the model estimates as well as the minimum and maxi-
mum observed incidence from SEARCH. With respect 
to type 1 diabetes, incidence increased for all race/eth-
nicity groups up to an age of approximately 10  years. 
Beyond age 10 years, a decrease is observed. For type 2 
diabetes, incidence increased over the whole age range 
whereas lowest rates are observed for NHW youth. 
Wider confidence intervals are observed for higher age 
groups which is due to a lower number of new cases and 
a decreasing incidence. Table 1 shows the observed and 
estimated average age-standardized incidence rates, as 

Fig. 2 Prevalence of type 1 and type 2 diabetes in U.S. youth aged 0–19 years by age, sex, and race/ethnicity in 2001 and 2009. Abbreviations: NHW, 
non‑Hispanic white; NHB, non‑Hispanic black
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well as the relative error, stratified by sex and diabetes 
type. Absolute values of the mean relative errors are 
below 8%. Overall, the mathematical model estimates 
the mean incidence rate between 2001 and 2009 very 
well. In the online additional information, we show the 

numerical results for type 1 and type 2 diabetes strati-
fied by sex with respect to the observed and estimated 
average incidence rates as well as their relative errors 
with corresponding 95% confidence intervals (see Tables 
S1 and S2). The findings suggest that for type 1 diabetes, 

Fig. 3 Observed minimum and maximum (grayish area) and estimated (solid line) incidence of type 1 diabetes (upper row) and type 2 diabetes 
(bottom row) in U.S. males between 2001 and 2009 by age and race/ethnicity, light blue lines represent 95% confidence intervals. Abbreviations: 
NHW, non‑Hispanic white; NHB, non‑Hispanic black

Fig. 4 Observed minimum and maximum (grayish area) and estimated (solid line) incidence of type 1 diabetes (upper row) and type 2 diabetes 
(bottom row) in U.S. females between 2001 and 2009 by age and race/ethnicity, light pink lines represent 95% confidence intervals. Abbreviations: 
NHW, non‑Hispanic white; NHB, non‑Hispanic black
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the differences between observed and modelled inci-
dence rates are in good agreement with respect to the 
relative errors for ages between 2 and 18. For the lowest 
(< 2 years) and highest (19–20 years) ages, we observed 
larger deviations between the averaged observed and 
estimated incidence. For type 2 diabetes differences 
between incidences are larger, especially for younger 
age groups where only a few cases were observed.

Discussion
This study demonstrated that a PDE previously used to 
describe the illness-death model can be employed to 
estimate average annual incidence rates from prevalence 
data. Specifically, the estimated incidence between 2001 
and 2009 obtained using a PDE approximates the average 
of the annually observed (true) incidence rates. The data 
suggest that employing the PDE is a valid approach for 
estimating incidence, potentially reducing cost and effort 
expended in surveillance of childhood diabetes.

The PDE is applicable to all chronic diseases and, 
moreover, can also be used in case remission rates and 
differential mortality rates are observed [15–18] It can 
also be applied in various ways. For example, we showed 
that excess mortality can be estimated based on preva-
lence and incidence while assessing the impact of the 
diagnostic accuracy of the underlying data set [19]. A 
validation study [20] using real world data as well as 
simulation studies [21] has proven the validity of the 
PDE and demonstrated that the results mainly depend 
on accuracy and validity of the input data. Overall, the 
method described here is superior over other meth-
ods with respect to bias (mean absolute error) [22]. To 
quantify precision of estimates, we used 95% bootstrap 
confidence intervals. Confidence intervals were smaller 
for type 2 diabetes and for larger race/ethnicity groups 
such as NHW. Higher uncertainty was observed for 
smaller subgroups with rare events. Alternatively, pool-
ing data, for example across age groups, would improve 
precision of the estimates. Highest precision is indi-
cated when pooling all strata together.

Limitations
Regarding limitations of our study, we first assume that 
the very low observed mortality rates of diabetes among 
U.S. youth [13, 23] do not affect our estimates and can 
therefore be neglected, e.g. we assumed a relative risk of 
mortality of one. However, if mortality differs substan-
tially between the population of diseased and non-dis-
eased, it has to be incorporated into the model [17].

Second, eight years between the observed prevalence 
in 2001 and 2009 are used for estimating incidence. 
Hence, the PDE approach provides an average of the 
yearly incidences over this eight-year period. How-
ever, we do not have a direct estimate for this eight-
year-average incidence rate because SEARCH has only 
yearly incidence data. Thus, strictly speaking, there is 
no ground truth to compare our estimate with. Never-
theless, using annually or bi-annually reported preva-
lence data will lead to incidence estimates for shorter 
time periods and to the possibility of assessing time 
trends.

Third, the PDE presented here assumes that the prev-
alence of type 1 and type 2 diabetes in migrants is simi-
lar to the resident population. Brinks and Landwehr 
published a model that can be used in case this assump-
tion is heavily violated [10]. However, the annual num-
ber of immigrant youth in the U.S. is very low [24] 
which justifies our assumption.

Fourth, it would be favorable to include an additional 
state of undiagnosed diabetes, i.e. individuals with 
the disease that have not yet been identified, which is 
currently not done. For both type 1 and type 2 diabe-
tes in youth the classification of undiagnosed diabetes 
appears to be a minor issue. Type 1 diabetes is associ-
ated with a rapid deterioration in glucose control and 
clear clinical symptoms. In contrast, in adults with type 
2 diabetes there is a prolonged phase of asymptomatic 
diabetes prior to diagnosis. However, in population-
based screenings for diabetes in youth, very few cases 
of undiagnosed (asymptomatic) diabetes were found 
[25, 26]. Adding other states to the model, like the 

Table 1 Observed and estimated average age‑standardized incidence rates with 95% confidence intervals. Standardization was done 
according to US general population in the year 2000

Average observed incidence rate (per 
100.000 person‑years)

Average estimated incidence rate (per 
100.000 person‑years)

Relative error (in %)

Male Female Male Female Male Female

Type 1 Diabetes 21.04
[21.00; 21.09]

20.26
[20.22; 20.31]

20.01
[18.47; 21.57]

18.67
[17.17; 20.21]

‑4.88
[‑12.28; 2.57]

‑7.86
[‑15.29;
‑0.20]

Type 2 Diabetes 4.09
[3.89; 4.29]

6.19
[6.09; 6.29]

4.13
[3.51; 4.74]

5.85
[5.13; 6.55]

0.81
[‑14.51; 16.70]

‑5.50
[‑17.06; 6.31]
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different stages of type 1 diabetes, would be possible, 
but would significantly increase the complexity of the 
underlying mathematical methods and data require-
ments. This is therefore beyond the scope of the study.

Future directions
Estimating incidence rates from prevalence data may be 
time-saving and potentially improves diabetes surveil-
lance efforts. To this end, we suggest a possible way to 
complement estimates from costly cohort studies or reg-
istries to identify new cases. Instead, two cross-sectional 
studies that measure (point) prevalence are sufficient to 
obtain information about incidence. Accurately assess-
ing prevalence and especially incidence rates is of high 
importance for establishing public health surveillance 
programs and to inform epidemiological as well as clini-
cal research [27]. These numbers can be seen as the basis 
for estimating health service needs and related costs. 
Furthermore, it is expected that the number of observed 
persons on which prevalence is calculated, affects the 
estimation of the incidence. Therefore, the development 
of sample size calculation formulas would be the next 
step in this line of research.

Conclusions
In summary, we demonstrated how a PDE that 
describes the illness-death model can be used to esti-
mate average age-, sex-and race/ethnicity-specific 
incidence rates for youth-onset diagnosed type 1 and 
type 2 diabetes from prevalence data. This model rep-
resents an efficient way to improve childhood diabetes 
surveillance as it is time-saving compared to cohort 
studies or registries which are also often associated 
with higher costs when they are conducted. Further-
more, if prevalence is available for several points in 
time, it would be possible to estimate incidence rates 
between these points and to quantify trends. Such 
trends can be a basis for projecting future numbers of 
diabetes cases [28, 29] or for evaluating primary pre-
vention programs for type 2 diabetes.
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PDE  Partial differential equation
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