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Increased Incidence of Pediatric
Type 1 Diabetes With Novel
Association With Coxsackievirus
A Species in Young Children
but Declined Incidence in
Adolescents in Taiwan
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OBJECTIVE

Type 1 diabetes (T1D) has been linked to enterovirus infection in small popula-
tion-based epidemiological studies. We investigated the secular relationship of
T1D incidence with enterovirus infection and enterovirus species using nation-
wide population-based analysis.

RESEARCH DESIGN AND METHODS

We accessed the National Health Insurance Research Database of Taiwan to
identify T1D and enterovirus infection cases from 2001 to 2015. Enterovirus
serotype isolation rates were obtained from the nationwide laboratory sur-
veillance systems. Negative binomial regression models assessed the inci-
dence trend, and extended Cox proportional hazards models analyzed the
association of enterovirus infection with T1D incidence. Spearman correlation
coefficients evaluated the correlation between T1D incidence and circulating
enterovirus species.

RESULTS

T1D incidence rates in youth younger than 20 years were 6.30 and 5.02 per
100,000 person-years in 2001 and 2015 (P = 0.287), respectively. T1D incidence
increased significantly in children aged 0-6 years (P < 0.001) but decreased in
adolescents aged 13-19 years (P = 0.011). The T1D risk in children aged 0-6 years
with enterovirus infection was significantly higher than that in noninfected sub-
jects (hazard ratio 1.46; 95% Cl 1.35-1.58; P < 0.001). Additionally, TID incidence
in children aged 0-6 years was significantly correlated with the isolation rates of
coxsackievirus A species (r = 0.60; P = 0.017), but no association was found be-
yond the age of 7.

CONCLUSIONS

We demonstrated that T1D incidence increased in children aged 0-6 years but
decreased in adolescents aged 13-19 years in Taiwan. Enterovirus-infected
subjects younger than 7 years had a higher risk of T1ID than noninfected
subjects.
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Type 1 diabetes (T1D) is one of the most
important chronic diseases of childhood
(1). The incidence of T1D varies widely
worldwide. European and North Ameri-
can populations have much higher inci-
dence rates, ranging from 4 to 41 per
100,000 people, than >70% of Asian
populations, with incidence rates <1 per
100,000 people (2,3). Regardless of the
incidence level, T1ID has shown an in-
creasing incidence globally in recent dec-
ades (2,4), particularly in the younger
population (3,5). Environmental factors
have been suggested to play a role in
the increasing incidence trend (3,6). The
most convincing environmental factor
that has been strongly linked to T1D is
enterovirus (EV) infection (7).

In Taiwan, the incidence of T1D is
relatively low; however, an increasing
incidence trend was also observed,
particularly in children aged younger
than 15 years. The incidence of T1D
in male and female individuals aged
younger than 15 years has increased
from 3.15 and 4.39 per 100,000 indi-
viduals during 1992-1996 (8) to 5.88
and 6.92 per 100,000 individuals
during 2009-2010 (9). Continuing
surveillance to monitor the secular
trends and annual change of the T1D
incidence for both children and ado-
lescents is warranted to identify
youth at increased risks and the pub-
lic health impact.

The correlation between the secular
trend of the T1D incidence and EV in-
fection in Taiwan remains unknown. Re-
cently, a population-based cohort study
showed a positive correlation by reveal-
ing that EV-infected subjects had a sig-
nificantly higher incidence of T1D than
non—EV-infected subjects, with an inci-
dence rate ratio of 1.48 in Taiwan (10).
It remains unclear whether the different
types of EV infection have a consistent
relationship with T1D.

This study aimed to assess the sec-
ular trends of the T1D incidence in
youth younger than 20 years and ex-
plore the possible correlation of the
T1D incidence with EV infection and
different types of EV infection in Tai-
wan, which has a relatively low T1D
incidence and high EV infection inci-
dence, by using a nationwide popula-
tion-based database from 2001 to
2015.

RESEARCH DESIGN AND METHODS

Data Sources and Study Subjects

The National Health Insurance (NHI)
program was initiated in Taiwan in 1995
and has provided health care for almost
99% of its citizens (11). The NHI Re-
search Database (NHIRD) was derived
from the NHI program and was first
maintained by the National Health Re-
search Institutes (NHRI) and then by the
Health and Welfare Data Science Cen-
ter, Ministry of Health and Welfare. The
NHIRD systematically collects all the ad-
ministrative and claims data for re-
search purposes. From NHRI and Health
and Welfare Data Science Center, we
collected NHIRD data for Ambulatory
Care Expenditures by Visits and Registry
for Catastrophic Iliness Patients from
2001 to 2015 for this study. The defini-
tions of EV infection and T1D were
based on the International Classification
of Diseases, Ninth Revision, Clinical
Modification (ICD-9-CM).

The study population included nation-
wide subjects aged younger than 20
years with complete information on sex
and age during the study period of 1 Jan-
uary 2001 to 31 December 2015. EV in-
fection was identified using the ICD-9-CM
codes 008.67, 047, 047.0, 047.1, 048,
074, 074.0, 074.1, 074.2, 074.20, 074.21,
074.22, 074.23, 074.3, 074.8, 079.1, and
079.2 from the data for Ambulatory Care
Expenditures by Visits. Subjects with one
ambulatory visit for EV infection during
the entire study period were identified
as having one infection event. However,
one EV infection may contribute to multi-
ple ambulatory visits. Therefore, the in-
terval between ambulatory visits for EV
infection of <14 days was identified as
one infection event resulting from the
same EV infection.

The study outcome was the diagnosis
of T1D, identified from the Registry for
Catastrophic lliness Patient data (ICD-9-
CM codes 250.x1 and 250.x3) during the
study period. T1D has been designated a
catastrophic illness by the National
Health Insurance Administration. All of
the applications for catastrophic illness
certification are formally and strictly re-
viewed by National Health Insurance Ad-
ministration, and the approved patients
are eligible for exemption from their
copayment for outpatient or inpatient
care. Therefore, the diagnosis of T1D
showed a high accuracy.

Diabetes Care Volume 44, July 2021

The yearly isolation rates for the
top five EV serotypes were obtained
from a nationwide laboratory surveil-
lance system of the Taiwan Centers
for Disease Control (Taiwan CDC),
which was set up to monitor the EV
serotypes in communities in 1999. Al-
though the Taiwan CDC only provided
the information of yearly isolation
rates for the top five EV serotypes,
the mean proportion of the yearly
sum of the top five EV serotypes pro-
portions from 2001 to 2015 was
77.1%, likely representing the main
circulating EV serotypes in communi-
ties. This study was approved by the
National Taiwan University Hospital
Institutional Review Boards (approval
number: 201412204RIND).

Statistical Analysis
The incidence rates (per 100,000 per-
son-years) of T1D were calculated by
dividing the number of patients diag-
nosed with T1D (numerator) by the
corresponding person-years at risk
(denominator). The person-years at
risk for study subjects were calculated
from their entry into the study (1 Jan-
uary 2001; birth date if born after 1
January 2001) to the diagnosis of T1D,
loss to follow-up, death, withdrawal
from the NHI program, or the end of
the study (31 December 2015).
Negative binomial regression mod-
els assessed the secular trends and
average annual percent change
(AAPC) of the T1D incidence using the
observed number of diagnosed T1D
cases as the outcome and the natural
logarithm of the corresponding de-
nominator (person-years at risk) as
the offset. The calendar year was
treated as a continuous temporal var-
iable, and AAPC was obtained from
the transformation of its coefficient 3
using the formula (exp(B)—1)*100.
The unit of observation was the inci-
dence rate in a single calendar year.
Negative binomial regression was
used because most models in this
study showed overdispersion fea-
tures, which were checked using the
deviance divided by its degrees of
freedom under the Poisson regres-
sion model. Additionally, autocorrela-
tion of the incidence rates was
evaluated using the Durbin-Watson
statistic. Autoregressive (AR) error
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models with first-order autocorrela-
tion [AR(1)] were used for models
with serial correlation using the natu-
ral logarithm of the incidence rate as
the dependent variable and calendar
year as the independent variable.
The autoregressive error model with
AR(1) considers serial correlation by
extending the model with an autore-
gressive model for the random error,
which indicates that the error term at
time point t is related to that at its
previous time point t—1. The inci-
dence rates were checked using box-
and-whisker plots to identify possible
outliers; however, no outlier was ob-
served in our trend analyses.

To examine the relationship be-
tween EV infection and the incidence
of T1D, extended Cox proportional
hazards model analysis with EV infec-
tion as a time-dependent covariate
and time to T1D onset as the out-
come was performed. Hazard ratios
(HRs) and the corresponding 95% Cls
were calculated by comparing sub-
jects with and without EV infection.

The EVs were classified as EV-A spe-
cies, EV-B species, coxsackievirus be-
longing to EV-A species (CVA), and
coxsackievirus belonging to EV-B spe-
cies (CVB) according to the current
classification of the International Com-
mittee on Taxonomy of Viruses for EV.
The EV-A species in this study included
CVA2, CVA4, CVA5, CVA6, CVA10,
CVA16, and EV-A71. The EV-B species
in this study included CVB1, CVB2, CVB3,
CVB4, CVB5, CVA9, E6, E11, E18, and
E30. The CVA species included CVA2,
CVA4, CVAS5, CVA6, CVA10, and CVALS,
and the CVB species included CVB1,
CVB2, CVB3, CVB4, CVB5, and CVA9. The
Spearman correlation coefficient (r) was

calculated to evaluate the correlations
between the T1D incidence and annual
isolation rates of EV species. Subgroup
analyses by age and sex were per-
formed. Three age-groups, 0-6, 7-12,
and 13-19 years, were used for the anal-
yses (12). Data management and analy-
ses were performed using SAS version
9.4 software (SAS Institute, Cary, NC),
STATA version 16 (StataCorp, College
Station, TX), and Microsoft Excel 2013.

RESULTS

In this study, we identified 4,468 pa-
tients with T1D aged younger than 20
years from 2001 to 2015. The mean age
of the subjects with T1D onset was 11.3
(SD 4.9) years. The proportions of male
and female patients with T1D were
45.9% and 54.1%, respectively.

Age- and Sex-Specific Trends of the
T1D Incidence During 2001-2015

The T1D incidence rates of subjects
younger than 20 years were 6.30 and
5.02 per 100,000 person-years in 2001
and 2015, respectively, without a sig-
nificant difference (AAPC = —0.60%;
P = 0.287) (Table 1). However, the re-
sults of the age-specific trend analyses
in Table 1 showed a significantly in-
creasing trend in the T1D incidence
for children aged 0-6 years (AAPC =
2.68%; P < 0.001). By contrast, a signifi-
cant decreasing trend in the T1D inci-
dence was observed for the population
aged 13-19 years (AAPC = —4.22%;
P = 0.011). Regarding sex, although fe-
male subjects had a higher average an-
nual T1D incidence than male subjects
(5.83 and 4.56 per 100,000 person-years
for female and male subjects, respectively;
P < 0.001), both groups presented similar
decreasing but nonsignificant trend changes

Table 1—Trend analysis of the T1D incidence during 2001-2015

Characteristics Subjects (n) AAPC (%) 95% ClI P values for trend

All subjectst 9,863,412 —0.60 —1.69, 0.50 0.287

Age
0-61 5,357,382 2.68 1.23, 4.15 <0.001*
7-12% 1,967,967 0.99 —0.14, 2.12 0.086
13-19% 2,538,063 —4.22 —6.85, —1.52 0.011*

Sex
Male¥ 5,097,012 —-1.21 —3.09, 0.70 0.237
Femalet 4,766,400 —0.45 —1.70, 0.81 0.486

*Indicates a statistical significance. TThe results of the AAPC and P values for trend were
obtained from negative binomial regression model. ¥The results of the AAPC and P values
for trend were obtained from autoregressive error model with AR(1).
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in the T1D incidence (both P for trend
>0.05) (Table 1) over the study period.

Figure 1 shows the secular trend of
the T1D incidence in different age-
groups. The overall trend in youth youn-
ger than 20 years decreased without a
statistical significance (P = 0.287), but
the decreasing trend was very signifi-
cant in adolescents aged 13-19 years
(P = 0.011). Children younger than 7
years showed an increasing trend (P <
0.001), whereas the T1D incidence was
stable in children aged 7-12 years (P =
0.086).

Association Between the T1D
Incidence Risk and EV Infection

We compared the T1D incidence risk
between youth with and without EV in-
fection (Fig. 2). In only the children
aged 0-6 years, the T1D incidence risk
was significantly higher among subjects
with EV infection. The HR was 1.46
(95% ClI 1.35-1.58; P < 0.001) for chil-
dren aged 0-6, 1.45 (95% Cl 1.26-1.67;
P < 0.001) for boys aged 0-2 vyears,
1.52 (1.33-1.73; P < 0.001) for girls
aged 0-2 years, 1.46 (1.15-1.85; P =
0.002) for boys aged 3—-6 years, and
1.41 (1.14-1.74; P = 0.002) for girls
aged 3-6 years (Fig. 2). The HR was not
significantly higher in children aged
7-19 years with EV infection than in
those without.

Correlation of the Taiwan T1D
Incidence With Different Species of
EV Infection

The correlation of the T1D incidence
with the isolation rate of different EV
species was further evaluated. Stratified
analyses by age-groups indicated that
the T1D incidence in children aged
0-6 years was significantly positively
correlated with the CVA (r = 0.60;
P = 0.017) isolation rates (Table 2).
However, for the children aged 7-12
years and 13-19 years, no significant
association was found between the
T1D incidence and isolation rates of
the different species (Table 2).

CONCLUSIONS

This study revealed that the overall T1D
incidence slightly decreased without sta-
tistical significance in subjects younger
than 20 years. The annual T1D incidence
increased significantly in children aged
0-6 vyears, stabilized in children aged
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Figure 1—Secular trend of the T1D incidence (per 100,000 person-years) in Taiwan by different
age groups during 2001-2015. Subjects aged 0-6 years (A), 7-12 years (B), 13-19 years (C),
and 0-19 years (D). The P values for trend were obtained from negative binomial regression
models for subjects aged 0-6 years, 7-12 years, and 0-19 years. The P value for trend was ob-
tained from the autoregressive error model with AR(1) for subjects aged 13-19 years. The |

bars show the 95% Cls.

7-12 years, and decreased significantly
in adolescents aged 13-19 years from
2001 to 2015 in Taiwan. The children
aged 0-6 years with EV infection had a
significantly higher risk of T1D, with a
HR of ~1.46. Moreover, the T1D inci-
dence in children aged 0-6 years was
significantly positively correlated with
the isolation rates of CVA. The above
findings are unique and quite different
from those in other reports, particularly
from European and North American
populations.

Several studies have reported a
constant global rise in the incidence of
T1D, particularly in young children
(5,13). A relatively low rate of increase
in incidence was observed in young

children in our study, contrasting large
studies in Europe and North America
where the increase was steeper
(5,14). In this study, the AAPC of the
T1D incidence in youth aged <20
years was —0.60%, the annual inci-
dence increase in children aged 0-6
years was 2.68%, that in children aged
7-12 years was 0.99%, and that in
adolescents aged 13-19 years de-
creased significantly with an AAPC of
—4.22% from 2001 to 2015. Regarding
childhood T1D in Europe during
1989-2003, the overall annual in-
crease was 3.9%, and the increases in
the 0—4 years, 5-9 years, and 10-14
years age-groups were 5.4%, 4.3%,
and 2.9%, respectively (5). In the U.S.,

Male Female
02 years o 145 (1.26, 1.67), P < 0.001 e 152 (1,33, 1.74), P < 0.001
3-6 years —— 1.46 (1.15, 1.84), P = 0.002 —— 1.41(1.14, 1.74), P = 0.002
7-12 years I P 1.21(0.68,2.15), P=0.514 SR 1.51(0.97, 2.36), P =0.069
13-19 years ——aef 0.90(0.22,3.60), P=0879 & 1.05(0.39,2.80), P=0.927

0 1 2 3 4 5
Hazard ratio (95% CI)

0 1 2 3 4 3
Hazard ratio (95% CI)

Figure 2—HRs of T1D for male and female subjects according to different age-groups. The HRs
were calculated by comparing subjects with and without EV infection. The numbers in paren-
theses indicate the corresponding 95% Cls of the HRs.
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the overall annual percentage changes
in the incidence rates were 1.93% in
youth aged <20 years from 2002 to
2015 and 2.44% in adolescents aged
15-19 years (14). The most striking
finding in this study was a decrease in
the incidence in adolescents, contrast-
ing the trend of the T1D incidence in
Western countries (5,14). These find-
ings would add to the further diver-
gence in the incidence rates in Asian
subjects versus Caucasoid populations.

The difference in the T1D incidence
and its trend in different countries is
multifactorial and requires further in-
vestigation. Increasing evidence points
to major heterogeneity in T1D, even
among children, and ethnicity is a major
contributor to disease heterogeneity.
Our study underscores this notion and
clarifies that genetics or race influence
the incidence and trend of T1D. Among
the genetic factors, DR3 confers the
strongest disease risk of T1D. Our previ-
ous study revealed that the carrier rate
(8.7%) of the most common risk allele,
DRB1*03:01, in the Taiwanese popula-
tion is much lower than that (30.3%) of
Caucasians, partially explaining the low-
er incidence of T1D in Taiwan (15,16).

In addition to genetic factors, changes
in environmental factors play an impor-
tant role in the T1D incidence during
modernization worldwide. These factors
may include life habit changes, such as
the overfeeding of children early in life,
leading to both accelerated growth and
weight, and a moderate excess of child
growth that is not necessarily associated
with obesity. Accelerated growth and
weight may be related to insulin resis-
tance due to excess fat cell accumulation
and an increased insulin requirement
due to a high growth rate (17). Other fac-
tors may include physical stress (infec-
tion, inflammation), psychological stress,
and the gut microbiota (18). Further in-
vestigation is warranted to determine
whether significantly different environ-
mental factors contribute to the different
trends of the T1D incidence between
Western countries and Taiwan.

T1D is a heterogeneous disorder char-
acterized by the destruction of pancreatic
B-cells, culminating in absolute insulin
deficiency, and most cases are attributed
to the autoimmune-mediated destruction
of B-cells. A recent study demonstrated
that the presence of B lymphocytes and
the intracellular distribution of proinsulin
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Table 2—Spearman correlation coefficients between the T1D incidence and EV

isolation rate during 2001-2015

EV-A EV-B CVA CvB
r P r P r P r P
T1D
All (0-19) 0.14 0.629 —-0.20 0.481 0.09 0.742 —-0.31  0.257
Age 0-6 0.46 0.085 —-043 0.111 0.60 0.017*  —0.33 0.224
Age 7-12 0.26 0347 —-0.20 0.465 0.22 0.427 —0.04 0.878
Age 13-19 —-0.20 0.470 0.16 0.574 —0.21 0.451 —0.12  0.668

P values were obtained from Spearman correl
tistical significance.

and insulin in B-cells differed markedly
between children developing T1D <7
years and those diagnosed at =13 years
(12). Our and their studies support that
the endotypes of T1D are associated
with the diagnosis age. The main para-
digm concerning the etiology of T1D hy-
pothesizes that environmentally triggered
autoimmune destruction of pancreatic
B-cells occurs against the background of
genetic risk (19). The search for the trig-
gering factor(s) has been ongoing for the
past century, with controversial findings.
An important environmental/triggering
factor is viral infection, particularly EV in-
fection. The current study investigated
the association of the T1D incidence
among youth with EV infection by using
a nationwide population-based analysis.
The T1D incidence risk was significantly
higher in children aged 0-6 years with EV
infections. With its large sample size and
long study duration, our study provided
reliable information on the association.
The explanation for the decreasing
trend of the T1D incidence in Taiwan-
ese adolescents aged 13-19 years re-
quires further investigation. Because
EV infection is one of the most impor-
tant environmental factors, we specu-
late that better EV infection control
may partly explain the decreasing
trend. In 1998, Taiwan experienced
the worst EV-A71 epidemic, which re-
sulted in 405 severe cases and 78
deaths (20). After the epidemic, multi-
ple real-time national EV surveillance
systems were established by the Tai-
wan CDC, including a viral laboratory
network, outpatient, inpatient, and
emergency department visits for hand-
foot-and-mouth disease and/or herpangina,
and mandatory notification of severe EV
cases (21). Real-time EV surveillance makes
early detection of EV circulation possible,

ation coefficient (r) analysis. *Indicates a sta-

and strict implementation of preventive
measures during the circulation periods is
applied, limiting the spread of the EV (22).
For example, to reduce the risk of EV clus-
tering, class suspension is executed for pre-
school education and day care institutions.
Strengthened implementation of infection
control measures is applied in hospitals
and postpartum nursing care centers to
reduce the risk of EV clusters. Thus, there
has been a marked decrease in severe and
fatal EV cases during the last 10 years in
Taiwan (23). A recent EV-A71 seroepide-
miological study also supported the impact
of a well-established real-time EV surveil-
lance system and the preventive measures
to limit the spread of EV-A71 in Taiwan
(24). For example, the EV-A71 seropositive
rate of adolescents aged 12—19 years de-
creased from 65% in 1997 to 46% in 2017
(24). Therefore, the decreasing trend in the
incidence of EV infection, either mild or se-
vere, may be correlated with the decreas-
ing trend of T1D incidence in Taiwanese
adolescents.

In addition to epidemiological stud-
ies, a pathological clinical study re-
vealed that EV RNA was found in
patients with diabetes more frequently
than in control subjects and was associ-
ated with a clear inflammation response
in the gut mucosa; additionally, patients
remained virus positive in the follow-up
samples taken after 12 months of ob-
servation (25). Another clinical cohort
study found that the incidence of T1D
increased after EV infection detected by
the presence of blood viral RNA in ge-
netically predisposed children who were
repeatedly positive for islet autoanti-
bodies (26). A systematic review and
meta-analysis of observational molecu-
lar studies showed a strong association
between T1D and EV. Significant associ-
ations between EV infection and T1D-

related autoimmunity and clinical T1D
were observed, with odds ratios of 3.7
(95% ClI 2.1-6.8) and 9.8 (95% ClI
5.5-17.4), respectively (27). This study
showed that the HR of T1D in children
aged 0-6 years with EV infection was
1.46 (95% Cl 1.35-1.58). Strong evi-
dence exists for the association of EV in-
fections with T1D in young children but
not in those older than the age of 7 in
this study.

In a recent large-cohort study of
young children at an increased genetic
risk, no difference was found in the EV
infection rates between patients and
subjects without diabetes, and pro-
longed shedding of EV-B was associat-
ed with islet autoimmunity but not
T1D development (28). Several studies
have indicated that EV infection may
be an etiological agent or may acceler-
ate pathogenesis because it may trig-
ger the appearance of autoantibodies
(26,29,30). By contrast, our study re-
vealed that CVA was positively corre-
lated with the incidence of T1D in
children aged 0-6 years, but there
was a striking lack of any association
with EV beyond the age of 7.
Moreover, we found that CVB was
negatively correlated with the inci-
dence of T1D in children aged 0-6
years, and it indicated that CVB in the
Taiwanese population might be pro-
tective rather than pathogenic. Al-
though statistical significance was not
reached (r = —0.33; P = 0.224) (Table
2). This may implicate different endo-
types of T1D in different age-groups
and different populations.

The most frequently claimed virus
to associate with T1D development
was EV-B species or CVB species, but
we did not have such findings. Why
CVA, but not CVB, was positively cor-
related with the incidence of T1D in
this study requires further investiga-
tion. The cause may be related to the
higher incidence or circulation of CVA
than that of CVB in Taiwan (23). Ac-
cording to the Taiwan CDC EV labora-
tory surveillance, CVA accounted for
26%—79%, and CVB only accounted for
0%—-18% of all the serotypes between
2001 and 2015. In this study, the data
taken from the Taiwan CDC are only
representative of the most frequent
serotypes in each species, and this is a
limitation. Some studies have also re-
vealed the association of CVA and
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other serotypes of EVs with T1D
(31-33). Hence, not only CVB but also
CVA or other serotypes may be linked
to T1D in children, and some inconsis-
tencies exist among studies on EV and
T1D.

Although this study had the strength
of using longitudinal nationwide popula-
tion data and long-term nationwide viral
surveillance data, there were several lim-
itations. First, the diagnosis of EV infec-
tion was based on the ICD-9-CM codes,
which were mainly defined according to
clinical phenotypes, leading to a question
about accuracy. However, a special com-
mittee comprising medical and qualified
experts regularly reviewed the charts
and claims data to ensure the high reli-
ability of the NHI database. Additionally,
the high accuracy of other disease diag-
noses in the NHI database was evaluated
by other studies (34).

Second, the data taken from the Tai-
wan CDC are only representative of the
most frequent serotypes in each spe-
cies. Approximately 80% but not all the
serotypes were analyzed.

Third, we could not identify the pre-
symptomatic case subjects with T1D,
and all of our case subjects had clini-
cal phenotypes; thus, we could not
analyze their endotypes and whether
autoimmunity-related factors were as-
sociated with T1D. If the staging of
T1D and endotype concepts are incor-
porated into laboratory and clinical
practice, it will accelerate the imple-
mentation of precision medicine and
may impact our approach to transla-
tional research, trial design, and clini-
cal management (26,35).

Fourth, we did not have available
data for EV RNA or antibodies against
EVs in these children with T1D. There-
fore, a prospective study to investigate
CVA infection in children with T1D is
necessary to establish their association
or causal relationship.

In summary, the T1D incidence in-
creased significantly in children aged
0-6 years, stabilized in children aged
7-12 vyears, and decreased significantly
in adolescents aged 13-19 years from
2001 to 2015 in Taiwan. Children youn-
ger than 7 years with EV infection had
a significantly higher risk of T1D and a
positive correlation between T1D and
CVA infection. The decreasing trend of

the T1D incidence in adolescents may
be related to genetic factors and envi-
ronmental factors such as better infec-
tion control of EVs during the last 10
years in Taiwan.

Acknowledgments. This study was based in
part on the data from the National Health In-
surance Research Database provided by the
National Health Insurance Administration,
Ministry of Health and Welfare and managed
by the National Health Research Institutes
(Registered number: NHIRD-105-034) and
Health and Welfare Data Science Center, Min-
istry of Health and Welfare (Registered num-
ber: H105151 and H108286).

The interpretation and conclusions con-
tained herein do not represent those of the
National Health Insurance Administration, Min-
istry of Health and Welfare, National Health
Research Institutes, or Health and Welfare
Data Science Center, Ministry of Health and
Welfare.

Funding. This study was supported by the
Ministry of Science and Technology (MOST
104-2314-B-002-114, MOST 109-2321-B-002-
045, and MOST 109-2314-B-002-238) and the
Infectious Diseases Research and Education
Center, Ministry of Health and Welfare, and
National Taiwan University.

Duality of Interest. No potential conflicts of
interest relevant to this article were reported.
Author Contributions. W-LS., Y-CT, L-Y.C,
C-T.F., and W-YT. interpreted the data. W-L.S.,
Y-CT, L-Y.C, C-T.F.,, and W-YT. reviewed and
edited the writing. W-L.S. and L-Y.C. contributed
to study concept and design. W-L.S. and L.-Y.C.
acquired the data. W-L.S. and L-Y.C. drafted the
manuscript. L-Y.C. supervised the study. All of
the authors reviewed the manuscript. L-Y.C. is
the guarantor of this work and, as such, had
full access to all the data in the study and takes
responsibility for the integrity of the data and
the accuracy of the data analysis.

References

1. Torpy JM, Campbell A, Glass RM. JAMA
patient page. Chronic diseases of children. JAMA
2010;303:682

2. DIAMOND Project Group. Incidence and
trends of childhood Type 1 diabetes worldwide
1990-1999. Diabet Med 2006;23:857-866

3. Soltesz G, Patterson CC; EURODIAB Study
Group. Worldwide childhood type 1 diabetes
incidence—what can we learn from epidemiology?
Pediatr Diabetes 2007;8(Suppl. 6):6-14

4. DiMeglio LA, Evans-Molina C, Oram RA. Type
1 diabetes. Lancet 2018;391:2449-2462

5. Patterson CC, Dahlquist GG, Gytrus E, Green
A; EURODIAB Study Group. Incidence trends for
childhood type 1 diabetes in Europe during 1989-
2003 and predicted new cases 2005-20: a
multicentre prospective registration study. Lancet
2009;373:2027-2033

6. Hober D, Sauter P. Pathogenesis of type 1
diabetes mellitus: interplay between enterovirus
and host. Nat Rev Endocrinol 2010;6:279-289

Diabetes Care Volume 44, July 2021

7. Hyoty H. Viruses in type 1 diabetes. Pediatr
Diabetes 2016;17(Suppl. 22):56-64

8. Tseng CH. Incidence of type 1 diabetes
mellitus in children aged 0-14 years during 1992-
1996 in Taiwan. Acta Paediatr 2008;97:392—-393
9. Lin WH, Wang MC, Wang WM, et al.
Incidence of and mortality from type | diabetes in
Taiwan from 1999 through 2010: a nationwide
cohort study. PLoS One 2014;9:e86172

10. Lin HC, Wang CH, Tsai FJ, et al.
Enterovirus infection is associated with an
increased risk of childhood type 1 diabetes
in Taiwan: a nationwide population-based
cohort study. Diabetologia 2015;58:79-86
11. Wu TY, Majeed A, Kuo KN. An overview of
the healthcare system in Taiwan. London J Prim
Care (Abingdon) 2010;3:115-119

12. Leete P, Oram RA, McDonald TJ, et al.; TIGI
study team. Studies of insulin and proinsulin in
pancreas and serum support the existence of
aetiopathological endotypes of type 1 diabetes
associated with age at diagnosis. Diabetologia
2020;63:1258-1267

13. Karvonen M, Viik-Kajander M, Moltchanova
E, Libman I, LaPorte R, Tuomilehto J. Incidence of
childhood type 1 diabetes worldwide. Diabetes
Mondiale (DiaMond) Project Group. Diabetes
Care 2000;23:1516-1526

14. Divers J, Mayer-Davis EJ, Lawrence JM, et al.
Trends in incidence of type 1 and type 2 diabetes
among youths - selected counties and Indian
reservations, United States, 2002-2015. MMWR
Morb Mortal Wkly Rep 2020;69:161-165

15. Tung YC, Fann CSJ, Chang CC, et al.
Comprehensive human leukocyte antigen
genotyping of patients with type 1 diabetes
mellitus in Taiwan. Pediatr Diabetes
2018;19:699-706

16. Rendine S, Ferrero NM, Sacchi N, Costa C,
Pollichieni S, Amoroso A. Estimation of human
leukocyte antigen class | and class Il high-
resolution allele and haplotype frequencies in
the Italian population and comparison with
other European populations. Hum Immunol
2012;73:399-404

17. EURODIAB Substudy 2 Study Group. Rapid
early growth is associated with increased risk of
childhood type 1 diabetes in various European
populations. Diabetes Care 2002;25:1755-1760
18. Dahlquist G. Can we slow the rising incidence
of childhood-onset autoimmune diabetes? The
overload hypothesis. Diabetologia 2006;49:20-24
19. Eisenbarth GS. Type | diabetes mellitus.
A chronic autoimmune disease. N Engl J Med
1986;314:1360-1368

20. Ho M, Chen ER, Hsu KH, et al.; Taiwan
Enterovirus Epidemic Working Group. An
epidemic of enterovirus 71 infection in Taiwan. N
Engl) Med 1999;341:929-935

21. Chia MY, Chiang PS, Chung WY, Luo ST, Lee
MS. Epidemiology of enterovirus 71 infections in
Taiwan. Pediatr Neonatol 2014;55:243-249

22. Jian SW, Chen CM, Lee CY, Liu DP. Real-time
surveillance of infectious diseases: Taiwan's
experience. Health Secur 2017;15:144-153

23. Liu DP, Wang TA, Huang WT, et al. Disease
burden of enterovirus infection in Taiwan:
Implications for vaccination policy. Vaccine
2016;34:974-980



care.diabetesjournals.org

24. Lee T, Yen TY, Shih WL, et al. Enterovirus 71
seroepidemiology in Taiwan in 2017 and
comparison of those rates in 1997, 1999 and
2007. PLoS One 2019;14:e0224110

25. Oikarinen M, Tauriainen S, Oikarinen S,
et al. Type 1 diabetes is associated with
enterovirus infection in gut mucosa. Diabetes
2012;61:687-691

26. Stene LC, Oikarinen S, Hyoty H, et al.
Enterovirus infection and progression from islet
autoimmunity to type 1 diabetes: the Diabetes
and Autoimmunity Study in the Young (DAISY).
Diabetes 2010;59:3174-3180

27. Yeung WC, Rawlinson WD, Craig ME.
Enterovirus infection and type 1 diabetes
mellitus: systematic review and meta-analysis
of observational molecular studies. BMJ
2011;342:d35

28. Vehik K, Lynch KF, Wong MC, et al.; TEDDY
Study Group. Prospective virome analyses in
young children at increased genetic risk for type
1 diabetes. Nat Med 2019;25:1865-1872

29. Laitinen OH, Honkanen H, Pakkanen O,
et al. Coxsackievirus Bl is associated with
induction of B-cell autoimmunity that portends
type 1 diabetes. Diabetes 2014;63:446—455

30. Sioofy-Khojine AB, Lehtonen J, Nurminen N,
et al. Coxsackievirus B1 infections are associated
with the initiation of insulin-driven autoimmunity
that progresses to type 1 diabetes. Diabetologia
2018;61:1193-1202

31. Frisk G, Nilsson E, Tuvemo T, Friman G,
Diderholm H. The possible role of coxsackie A and
echo viruses in the pathogenesis of type |
diabetes mellitus studied by IgM analysis. J Infect
1992;24:13-22

Shih and Associates

32. Roivainen M, Knip M, Hyoty H, et al. Several
different enterovirus serotypes can be associated
with prediabetic autoimmune episodes and
onset of overt IDDM. Childhood Diabetes in
Finland (DiMe) Study Group. J Med Virol
1998;56:74-78

33. Salvatoni A, Baj A, Bianchi G, Federico G,
Colombo M, Toniolo A. Intrafamilial spread of
enterovirus infections at the clinical onset of type
1 diabetes. Pediatr Diabetes 2013;14:407-416
34. Lin CC, Lai MS, Syu CY, Chang SC, Tseng
FY. Accuracy of diabetes diagnosis in health
insurance claims data in Taiwan. J Formos Med
Assoc 2005;104:157-163

35. Battaglia M, Ahmed S, Anderson MS, et al.
Introducing the endotype concept to address the
challenge of disease heterogeneity in type 1
diabetes. Diabetes Care 2020;43:5-12



