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Abstract

Background: This study estimated temporal trends of metabolic control over 12 years in a national cohort of childhood-onset
type 1 diabetes.

Subjects and Methods: Data from the prospective childhood-onset diabetes register, which included 886 case subjects from 0
to 17.99 years of age at diagnosis and at least 1 year of follow-up until the age of 22.99 years, were analyzed using
multivariable linear and logistic regression models in the observational period between 2000 and 2011.

Results: Hemoglobin Alc (HbAlc) significantly decreased over 12 years, from 78 mmol/mol (interquartile range [IQR], 68—
88 mmol/mol) (9.26% [IQR, 8.41-10.24%]) in the year 2000 to 61 mmol/mol (IQR, 55-67 mmol/mol) (7.75% [IQR, 7.20-
8.30%]) in the year 2011 (P<0.001). HbAlc was significantly associated with age, treatment modality, and duration of
diabetes (P <0.001), with females having on average 1.02% higher HbAlc (P=0.01; 95% confidence interval [CI] 1.005-1.035).
The overall use of insulin pumps was 74%. The incidence rate of severe acute complications was low: 1.07 per 100 patient-
years for severe diabetic ketoacidosis (95% CI 0.81-1.40) and 1.21 per 100 patient-years for severe (requiring intravenous or
intramuscular therapy) hypoglycemia (95% CI 0.81-1.40).

Conclusions: The metabolic control of the entire nationwide pediatric type 1 diabetes population significantly improved
during the 12-year observational period with a low rate of severe acute complications events. The improvement was asso-
ciated with the treatment modality. Additional efforts and solutions are necessary to further improve metabolic control and

the quality of life of young people with type 1 diabetes.

Introduction

HE PRIMARY GOAL IN THE TREATMENT of type 1 diabetes

(T1D) is to maintain blood glucose levels as close to
normal as possible with the aim of reducing the risk for de-
veloping chronic complications." The strategies for the treat-
ment of infants and young children may differ from those
intended for teenagers or adults, but finally aim at the same
primary goal.”

Current guidelines for adult® and pediatric> T1D popula-
tions suggest that the hemoglobin Alc (HbAlc) level should
be below 53mmol/mol (7%) or 58 mmol/mol (7.5%), re-
spectively. Only a minority of patients can safely achieve
these goals.* The increase of severe hypoglycemia (SH) rate,
commonly associated with a reduction in HbAlc,' precludes
many patients from reaching the target metabolic control.

Intensified insulin delivery usually consists of either mul-
tiple daily injections (MDI) or continuous subcutaneous in-
sulin infusion (CSII) and is based on self-monitoring of blood
glucose and recently also on real-time continuous glucose
monitoring.” CSIT is considered as safe and effective as MDI in
all pediatric age groups® and is in some”*—but not all®—
pediatric TID population studies associated with better
metabolic control compared with MDI. Its use is steadily in-
creasing.'”!! Recent data indicate that in many countries
outside the United States only a few pediatric T1D patients are
treated with CSIL'%'?13 However, treatment modality is not
always associated with an improvement in HbAlc level.'*

The aim of this study was to analyze temporal trends of
metabolic control and possible factors influencing metabolic
control, including treatment modality, in the Slovene pediat-
ric T1D population over the last 12 years.
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Study Design and Methods

Data on the entire pediatric T1D population, which in-
cluded 886 case subjects from 0 to 17.99 years of age at diag-
nosis and at least 1 year of follow-up until the age of 22.99
years, were collected from the prospective Slovene childhood-
onset T1D register.'>'® The observational period was from
January 1,2000 to December 31, 2011. All outpatient visits and
measurements took place approximately every 3 months at
the University Children’s Hospital Ljubljana, Ljubljana, Slo-
venia. Six full-time endocrinologists and six diabetes educa-
tors (148 patients per full-time equivalent) were working in
the multidisciplinary team together with two psychologists,
one dietitian, and one social worker.

In total, 21 patients who had other forms of diabetes mel-
litus, concomitant Addison’s disease, cancer, or autoimmune
neurological disease or were transferred to a center outside
Slovenia after less than 1 year of follow-up were excluded
from this analysis. Attrition from the register before the age of
18 years was followed.

Data for individual patients were available for at least three
visits annually. The HbAlc level was determined centrally
with the same immunochemical method throughout the ob-
servation period using the DCA 2000+ analyzer (Bayer Di-
agnostics, Tarrytown, NY). The accuracy of the DCA 2000 +
analyzer was verified routinely every 3 months by the hos-
pital laboratory quality-assurance program and annually by
the provider, who issued a certificate. Data on severe acute
complications were collected from medical records. Diabetic
ketoacidosis (DKA) was defined as an event requiring hos-
pitalization and intravenous therapy, and SH was defined as
an event with a loss of consciousness and/or seizures re-
quiring hospitalization and intramuscular and/or intrave-
nous therapy.'” The study protocol was approved (number
22/12/09) by the Slovene Medical Ethics Committee. Patients
and/or parents gave their informed consent for the anony-
mous use of data.

Statistical methods

Numerical variables were presented as median and inter-
quartile range (IQR) or as mean and SD values. The primary
outcome measure was HbAlc. The secondary outcomes were
body mass index (BMI) SD score (SDS), daily insulin dose
(units/kg), and severe DKA and SH events. Repeated out-
come measurements obtained from the same patient were
averaged over 6-month periods.

Multivariable linear regression models were used to ex-
amine the association between HbAlc and patient charac-
teristics; HbAlc was logs-transformed to reduce the
skewness of its distribution. The covariates were gender,
age, year of measurement, treatment modality, BMI SDS,
and duration of diabetes. The association of the same cov-
ariates with the probability of suboptimal (HbAlc >7.5%)
and poor (HbAlc >9%) metabolic control® was assessed
using logistic regression models. Model selection was not
performed, and all the covariates were included in the re-
gression models as fixed effects. To avoid the implicit as-
sumption that the effect of the continuous covariates on
outcome was linear (on the log-transformed scale or on the
logit scale), restricted cubic splimes18 were used to flexibly
model the relationship between covariates and outcome (five
knots were used, placed at the 5th 25th 5oth 75t and 95th
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percentiles). To take into account the multiple measurements
repeated in each patient, the analyses were adjusted for a
subject variable as a random effect. The association of the
covariates with outcomes and the nonlinear relationship
between continuous covariates and outcome were assessed
by likelihood ratio tests. The estimated shape of the rela-
tionship between each continuous covariate and outcome
was represented graphically, using specified values for other
covariates, reported in the figure legends. It is important that
these choices did not influence the estimated shape of the
relationship between the covariates and outcome, but only
the estimated value of the outcome and the size of the con-
fidence intervals. For this reason all the figures were re-
scaled, and the starting point on the y-axes was set to 0.
Therefore, the values on the y-axes can be interpreted as
estimated differences from the starting point.

Results of multiple regression analyses were presented as
multiple adjusted HbAlc mean ratios or odds ratios (OR),
with 95% confidence intervals (CIs).

BMI was transformed into SDS for gender and age ac-
cording to United Kingdom Cole reference tables. For the
regression models, when BMI SDS was missing, we imputed
the average BMI SDS value of the previous and next available
measurement.

Incidence rates of severe DKA and SH were calculated as
events per 100 patient-years, and their 95% CI was based on
the Poisson distribution.

The P values of all statistical tests were two-sided, and 95%
ClI were reported. For all analyses differences were considered
significant at values of P<0.05. Statistical analyses were per-
formed using R statistical language.'” The multiple mixed-
effect regression models were fitted using the nlme and Ime4
R package."’

Results

The median HbAlc decreased from 78 mmol/mol (IQR,
68-88 mmol/mol) to 61 mmol/mol (IQR, 55-67 mmol/mol)
(from 9.26% [IQR, 8.41-10.24%] to 7.75% [IQR, 7.20-8.30%])
(P <0.001, Mann—-Whitney test) (Fig. 1). The mean values were
79 mmol/mol (9.42%) (SD, 1.5) and 62 mmol/mol (7.80%)
(SD, 0.96), respectively (P <0.001, two-sample t test).

Median age of the cohort at diabetes onset was 9.61 years
(IQR, 5.90-13.08) and decreased significantly with time: it was
12.68 years (IQR, 8.91-14.66) in the year 2001 and 7.53 years
(IQR, 4.99-10.83) in the year 2010 (P <0.001) (Fig. 2). Median
follow-up time was 5.00 years (IQR, 2.50-8.00). The numbers
of available 6-month averages of measurements per patient
were 10 for HbAlc (IQR, 6-16), nine for BMI SDS (IQR, 5-14),
and eight for daily insulin dose (IQR, 4-12). Of the total, 4.2%
(n=37) patients were lost to our follow-up.

The median BMI SDS increased from 0.40 (IQR, —0.17 to
0.99) to 0.5 (IQR, —0.15 to 1.18) (P=0.47), whereas daily in-
sulin dose decreased from 0.76 units/kg (IQR, 0.60-0.88) to
0.70 units/kg (IQR, 0.60-0.80) (P <0.001).

All patients were treated with either MDI or CSII, of whom
8.9% (79 patients) were treated exclusively with MDI, in-
cluding 28 patients (4.3% of CSII) who decided not to use CSII
after a short trial. The overall use of CSII was 74%. When
patients were treated with CSII, median time from disease
onset to the start of CSII was 8.81 (IQR, 6.32-10.93) years in
2001 and 0.59 (IQR, 0.14-2.00) years in 2010 (P <0.001).
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FIG. 1.

Median hemoglobin Alc (HbAlc) (with interquartile range) by year of measurement (year of measurement/median

HbAlc) with total number of patients under observation (N) and continuous subcutaneous insulin infusion (CSII) percentage

by each year from 2000 to 2011.

In the entire group of patients, the incidence rate of severe
acute complications was 1.07 per 100 patient-years for severe
DKA (95% CI0.81-1.40) and 1.21 per 100 patient-years for SH
(95% CI 0.65-1.21). Forty-four (5.0%) patients had at least one
episode of DKA, and 47 (5.3%) patients had at least one epi-
sode of SH. Data on severe acute complications rate per each
year are presented in Table 1.

Association between HbA1c and patient
characteristics

The (log-transformed) HbAlc level significantly and non-
linearly (P <0.001) decreased in the observational period. The
change between year 2000 and 2011 remained significant,
when the multivariable regression analysis was adjusted for
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FIG. 2. Median age (with interquartile range) at diabetes onset (year of measurement/age at diagnosis) with total number
of patients with newly diagnosed type 1 diabetes (N) in each year from 2000 to 2011.
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TABLE 1. SEVERE ACUTE COMPLICATIONS IN EACH OBSERVATIONAL YEAR

Year

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

2000

DKA

6
131
(0.48-2.84)

7
1.58

(0.64-3.26)

3
0.69
(0.14-2.03)

2
0.48

(0.06-1.73)

3
0.82
(0.17-2.41)

3
0.94
(0.19-2.74)

1.68
(0.72-3.30)

0.20
(0.01-1.14)

0.77
(0.16-2.25)

2.18
(0.80-4.75)

Rate®

(0.87-3.60)

(0.12-1.77)

SH

9
1.89
(0.86-3.58)

6
1.22
(0.45-2.67)

3
0.77
(0.16-2.25)

1.27
(0.46-2.76)

0.61
(0.12-1.77)

0.87
(0.24-2.23)

1.16 0.90
(0.25-2.31)

(0.38-2.70)

0.96
(0.26-2.45)

1.25 1.92
(0.77-3.96)

(0.34-3.21)

218
(0.80-4.75)

Rate®

275 319.5 364.5 389 417.5 432.5 443 459.5 490 477 495.5 474

Patient-years

at risk

Diabetic ketoacidosis (DKA) was defined as an event requiring hospitalization and intravenous therapy. Severe hypoglycemia (SH) was defined as an event with a loss of consciousness and /or

seizures requiring hospitalization and intramuscular and /or intravenous therapy.

“Rates are the estimated rate per 100 patient-years (95% confidence interval).

N, total number of events.
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possible differences in patient characteristics (age, gender,
treatment modality, BMI SDS, and duration of diabetes) over
time (Fig. 3A and B and Table 2): on average, the estimated
HbAlc was 1.12 times higher (95% CI 1.11-1.14) in the year
2001 compared with 2011. The probability of suboptimal
(HbAlc >7.5%) and poor (HbAlc >9%) metabolic control
was significantly higher in the year 2001 compared with 2011
(OR=9,95% CI 6-12; and OR =25, 95% CI 17-33, respectively)
(Table 2 and Fig. 3B). Females had on average 1.02 times
higher values of HbAlc compared with males (P=0.009, 95%
CI 1.00-1.04) and had a higher probability of suboptimal
metabolic control (OR=1.45, 95% CI 1.1-2.0, P=0.02) and a
statistically nonsignificant higher probability of poor meta-
bolic control (OR=1.3, 95% CI 0.9-1.9, P=0.20). Age and
duration of diabetes were significantly and nonlinearly
(P <0.001) associated with log,-HbA1c (Table 2). The HbAlc
level initially decreased as age increased. However, the rela-
tionship was inverted during adolescence as larger values of
HbAlc were estimated for older patients. After the end of
adolescence, the HbAlc level decreased with age again. The
HbAlc level increased for patients who had a longer duration
of diabetes until about the sixth year of duration; after that, the
value of HbAlc remained constant. Similar results were ob-
served for suboptimal and poor metabolic control (Table 2).

The association between BMI SDS and HbAlc was small
and not significant (P=0.053) (Table 2), in that patients with
both high and low BMI SDS were more likely to have sub-
optimal or poor metabolic control (Fig. 3C) (P=0.001 and
P=0.039, respectively).

On average, the patients treated with MDI had 1.02 times
higher HbAlc compared with those treated with CSII
(P<0.001) and a higher probability of suboptimal (OR=1.4,
P <0.001) or poor (OR=1.6, P<0.001) metabolic control. The
difference between the two treatments was more pronounced
when the outcome was suboptimal and poor metabolic con-
trol (Table 2).

Discussion

For more than two decades the entire population of Slovene
children with T1D has been treated centrally at the tertiary
institution with a multidisciplinary team including a pediatric
endocrinologist, certified nurse educators, psychologists, di-
etitians, and a social worker.” Support and consultations are
offered via an emergency 24/7 telephone line for patients,
families, caregivers, and primary healthcare pediatricians,
regardless of the treatment modality. The same structured
education and management plan, emphasizing frequent self-
monitoring of blood glucose and continuous glucose moni-
toring when possible and consultation via 24/7 telephone
line, is provided for parents as well as for professional care-
givers taking care of children with T1D in either kindergarten
or school or during sport activities.”' Psychological support
together with regular dietetic consultations is an important
part of regular follow-up in the whole patient population. A
patients’ organization is providing regular annual educa-
tional meetings, publications, and summer camps with in-
formation available on a Web site (www.sladkorcki.si). CSII
was introduced as a standard treatment modality with public
reimbursement in the year 2000.

The observed decrease in median HbAlc level of
16.4 mmol/mol (1.5%) in our cohort differs from the finding of
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FIG. 3. Multiple adjusted estimates of (A) average hemoglobin Alc (HbAlc) by year of measurement and probabilities of
suboptimal metabolic control (HbAlc >7.5%) by (B) year of measurement and (C) body mass index (BMI) SD score (SDS). A-C
were rescaled, setting the starting point on the y-axes to zero; therefore, the values on the y-axes can be interpreted as estimated
differences from the starting point.

TABLE 2. PREDICTORS OF METABOLIC CONTROL, USING MULTIPLE ADJUSTED ESTIMATED MEDIAN
HemocLoBIN Alc (HBA1c), RaTio oF Log-HBA1c, AND PROPORTION OF PATIENTS WITH HBA1C >7.5% OR >9%
BY PATIENT CHARACTERISTICS AND ASPECTS OF DIABETES MANAGEMENT

Median HbAlc HbAlc HbAlc Odds ratio HbAlc Odds ratio
Variable (IQR) mean ratio® P >7.5% HbAlc >7.5% (CI)* P >9% HbAlc >9% (CI)* P
Gender
Male 7.80 (7.20-8.60) 1.00 0.01 6247 1.00 0.019 16.84 1.00 0.204
Female 7.96 (7.30-8.80) 1.02 (1.00-1.04) 67.12  1.45 (1.06-1.98) 20.13  1.28 (0.87-1.90)
Age at measurement (years)b
1 7.60 (6.90-8.30) 1.00 <0.001 5294 1.00 <0.001 5.88 1.00 <0.001
5 7.70 (7.20-8.20)  0.97 (0.95-0.98) 62.13  0.72 (0.53-0.96) 4.14 0.86 (0.52-1.42)
10 7.70 (7.10-8.30) 0.94 (0.91-0.97) 57.11  0.51 (0.27-0.94) 10.02  0.84 (0.29-2.39)
15 8.10 (7.40-9.00) 0.96 (0.93-1.00) 71.20  0.64 (0.32-1.25) 24.63 2.72 (0.91-8.08)
20 7.90 (7.20-8.85) 0.95 (0.91-0.99) 66.30  0.35 (0.16-0.77) 21.68 2.76 (0.83-9.20)
Duration of diabetes (years)b
1 7.40 (6.80-8.14) 1.00 <0.001 47.75 1.00 <0.001 892 1.00 <0.001
5 8.00 (7.30-8.80  1.11 (1.10-1.13) 68.26  7.89 (5.87-10.60) 21.80 6.27 (4.09-9.59)
10 8.05 (7.50-8.90) 1.15 (1.12-1.18) 73.60 15.07 (9.31-24.38) 21.25 9.49 (4.99-18.05)
15 8.05 (7.40-8.90 1.17 (1.13-1.21) 71.14 22.63 (11.09-46.18) 22.82 9.77 (3.75-25.46)
Year of measurement®
2001  9.10 (8.20-10.15) 1.00 <0.001 89.05 1.00 <0.001 52.06 1.00 <0.001
2006  7.65 (7.10-8.20) 0.89 (0.88-0.90) 54.70  0.11 (0.08-0.14) 10.57 0.06 (0.04-0.08)
2011  7.80 (7.20-8.32) 0.89 (0.87-0.90) 62.78  0.11 (0.08-0.16) 9.36  0.04 (0.03-0.06)
BMI SDS”
0 7.75 (7.10-8.56) 1.00 0.053 5892 1.00 0.001 15.50 1.00 0.039
-3 8.18 (8.06-8.46) 1.03 (1.00-1.07) 5345  3.22 (1.39-7.49) 3.45 4.89 (1.49-16.04)
-1 7.70 (7.10-8.55) 1.01 (1.00-1.02) 57.45  1.26 (1.02-1.56) 17.60 1.35 (1.01-1.82)
1 7.95 (7.32-8.80) 1.00 (0.99-1.01) 67.39  1.35 (1.10-1.65) 20.52  1.29 (0.99-1.67)
3 7.75 (7.10-8.20) 0.99 (0.96-1.01) 63.04 197 (1.13-3.43) 13.04 1.45 (0.72-2.93)
Treatment modality
MDI  8.40 (7.50-9.50) 1.00 <0.001 74.58 1.00 0.004 33.43 1.00 <0.001
CSII  7.80 (7.20-8.40) 0.98 (0.97-0.99) 61.25 0.72 (0.57-0.91) 13.19 0.61 (0.46-0.80)

Estimates are derived from multiple linear and logistic mixed models including gender, age at measurement, year of measurement,
diabetes duration, body mass index (BMI) SD score (SDS), and treatment modality (multiple daily injections [MDI] or continuous
subcutaneous insulin infusion [CSII]) as fixed effects. Values for age, duration of diabetes, and year of measurement, which were flexibly
modeled using restricted cubic splines, present estimated associations between the variables and the outcomes.

“Each estimate is adjusted for all the other variables in the table; a value of 1.00 indicates the reference values.

PRestricted cubic splines were used to flexibly model the relationship between the covariate and the outcome. The variables were not
categorized, and the values of the covariates do not represent categories. The descriptive statistics are based on the subset of patients with the
chosen value of the covariate (+0.5 for BMI SDS).

CI, confidence interval; IQR, interquartile range.
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the Hvidoere study group, which reported stable center dif-
ferences in metabolic control with only two out of 21 pediatric
centers from 19 countries having a decrease in HbAlc level
significantly of roughly 6.6 mmol/mol (0.6%) from 1998 until
2005."% However, another study reported a pronounced de-
crease of HbAlc over a period of several years.'* It is inter-
esting that the small but significant difference in the decrease
of HbAlc level between genders is also reported by some'"'*
studies but not others."

The present study demonstrated a clear shift to younger
age at onset of T1D with a median decrease from 12.68 to 7.53
years. A similar decrease was previously shown in other
studies,?* also including our region.ls'16

The BMI SDS of the entire group increased nonsignificantly
in the first 5 years of diabetes and stabilized thereafter. In-
tensive treatment is associated with an increase in weight in
several studies, 2 but the increase in BMI SDS in the present
study was comparable to the secular increase of BMI SDS
during the same period in the general population.” BMI SDS
was found to be significantly associated with suboptimal
metabolic control (HbAlc >7.5%), suggesting that patients
with higher or lower BMI SDS are prone to poorer metabolic
control. Because of the observational design the present study
could not investigate the causality of this association.

The concomitant small but significant decrease in the daily
insulin dose may be related to the frequent use of CSII,
commonly associated with a lower daily insulin dose.®”'*2*

The use of CSII increased in the investigated cohort to an
overall level of use in 74% of patients. This proportion of
pediatric patients using CSII is comparable to some academic
institutions in the United States and Israel and was higher
than in some European countries.”'® The CSII discontinuation
rate of 4.3% is comparable with other pediatric reports®® and
typically lower compared with the adult CSIT population.*

Recent studies show that CSII as an initial treatment at T1D
diagnosis is safe and effective even in the youngest chil-
dren®?*” with® or without®® better long-term metabolic con-
trol and/or lower risk of SH. The time of CSII initiation after
T1D onset in our study decreased significantly from 8.81 to
0.59 years. Long-term studies are needed to evaluate the
benefit of early initialization of CSII therapy in the pediatric
population.”®

In the current study the insulin delivery regimen was
slightly but significantly associated with HbAlc, favoring
CSII, with stronger association in patients with poor meta-
bolic control. This differs from a recently published study,"*
where only the treatment modality from the last year of ob-
servation was analyzed. Greater impact of CSII on patients
with poorer metabolic control was reported previously.'' The
percentage of patients treated with CSII increased steadily
during the study, with the CSII initiation time significantly
closer to the disease onset, which likely contributed to the
continuous improvement in HbAlc. However, uniform dia-
betes education with the emphasis on regular self-monitoring
of blood glucose and continuous glucose monitoring, when
possible, carbohydrate counting, telephone communication
for dose adjustments, and problem solving with psychologi-
cal support remained paramount.

The rate of severe acute complications requiring medical
intervention was comparable to those in some other re-
ports.'*?* Unfortunately, the national register did not include
data on less SH.
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The present study has several limitations. Because of the
observational design, the study could not control for several
factors influencing metabolic control and acute complications.
Therefore, observed associations could be biased or may re-
flect only random effects. However, the attrition from the
register was 4.2% as 37 patients were lost to follow-up before
the age of 18 years. The treatment modality selection was
performed according to the International Society for Pediatric
and Adolescent Diabetes guidelines,2 introducing a selection
bias especially in the first half of our observational period
when CSII use was less frequent. The rate of severe acute
complications events must be interpreted along with their
definition including only cases where the intramuscular or/
and intravenous therapy was administered by healthcare
professionals. The national register does not include data on
less SH or DKA because significant important numbers of
these less severe acute complications routinely resolved
without medical intervention.

In conclusion, the analysis of 886 pediatric patients from a
national childhood-onset diabetes register demonstrated a
significant and clinically meaningful decrease of HbAlc level
over a 12-year observation period. This improvement was
associated with treatment modality. Additional efforts and
solutions are necessary to further improve metabolic control
and the quality of life of young people with T1D.
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