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Objective: To investigate the clinical incidence and characteristics of type 1 diabetes mellitus (T1DM) of children and adolescents at the time of initial diagnosis in China.

Methods: Data on all pediatric patients with newly diagnosed T1DM were retrospectively collected from 34 medical centers in 25 major cities in China from January 2015 to January 2020. Patients were classified into three age groups: <5 years, 5 to <10 years, and ≥10 years of age. The same patient population was also categorized into diabetic ketoacidosis (DKA) and non-DKA groups based on clinical criteria.

Results: The mean annual clinical incidence of T1DM was 3.16/100,000 from the years 2015 to 2019. A total of 6,544 patients with newly diagnosed T1DM aged 0–16 years (median 7.84 ± 3.8) were studied [ages <5 years (29.3%), 5 to <10 years (38.7%), and ≥10 years (32%)], 52.4% of them were women. In total, 90.5% of the cases were occurred in individuals without a family history. Patients had lower C-peptide (CP) and body mass index (BMI) z scores when compared with healthy children, 41.8% of them had measurable T1DM-related antibodies and 52.7% had DKA. Among all three age groups, the <5 years group had the lowest BMI z score, CP, and glycated hemoglobin (HbA1c) on average, while it had the highest incidence rate of DKA (56.9%). Compared to the non-DKA group, the DKA group was significantly younger, with a lower BMI z score and CP, higher antibody positive rate, HbA1c, and the rate of insulin pump therapy.

Conclusion: The clinical incidence of T1DM in children and adolescents in China was 3.16/100,000. Patients with DKA at the first diagnosis of T1DM have a worse β-cell function. Public health measures for the prevention and treatment of T1DM should focus on preschoolers (aged <5 years) in particular, considering the severity and the highest frequency of DKA in this age group. More efforts should be dedicated to early screening and diagnosis of the T1DM.

Keywords: type 1 diabetes, incidence, diabetic ketoacidosis, β-cell function, children and adolescences


INTRODUCTION

Type 1 diabetes mellitus (T1DM) is a chronic autoimmune disease characterized by insulin deficiency and resultant hyperglycemia, accounting for about 90% of diabetes in children and adolescents. It is a major pediatric endocrine disease that endangers children's health. According to the data released by International Diabetes Federation (IDF) in 2019, 1.1 million children and adolescents (<20 years of age) have T1DM around the world, and the number of patients continues to increase (1, 2). The global average increase in incidence has been 3–4% per year over the past decades, with an especially steeper rise in low-incidence countries (3). The incidence of T1DM remains unstable in China, a longitudinal population-based registry study showed that it significantly increased from 2.72/100,000 in 2007 to 3.60/100,000 in 2017 (4). One nationwide registry study based on multiple centers showed that the incidence of T1DM in children aged between 0 and 14 years was 1.9/100,000 (5). Regional surveys in Beijing, Shanghai, and Zhejiang have found that the compound annual growth rate (CAGR) in T1DM incidence in China is much higher than the world average (6–8). Additionally, the CAGR in T1DM incidence in the children under 5 years old is approximately 5–34%, suggesting that the onset of the disease has an increasing trend at younger ages (9). The earlier age at onset of T1DM in childhood, the greater risk of dying from related acute and chronic complications. The average life expectancy of children with T1DM is reduced by about 12 years even in western developed countries (10, 11). However, there is a terrific lack of comprehensive information related to the clinical incidence and characteristics of T1DM in Chinese children and adolescents, particularly about the declining pancreatic β-cell function, T1DM-related antibodies, status of diabetic ketoacidosis (DKA), diagnosis, and treatment of the disease, etc. The aim of this study was to investigate these clinical features and test the hypothesis that children and adolescents who present with DKA at the diagnosis of T1DM have a higher antibody positive rate, worse pancreatic β-cell function, and need more efficient insulin therapy.



METHODS


Participants

In a national observational cohort study from the National Diabetes Register, we recruited hospitalized patients <16 years of age with newly diagnosed T1DM from 34 medical centers in 25 major cities of China between January 2015 and January 2020. These cities include regions of different economic development levels throughout the country according to geographical location, climate, culture, and population (northeast, north, northwest, southwest, central, east, and south), involving 16 provinces, 2 autonomous regions, and 4 municipalities and covering 79.4% of the whole population of China. For the purpose of achieving a real representative profile of T1DM, all of the participating medical centers are the most influential ones in the local medical institutions attended by excellent pediatric endocrinologists. The inclusion criteria for T1DM were according to the standards of medical care in diabetes from American Diabetes Association (ADA) (12–14). DKA was defined by the International Society of Pediatric and Adolescent Diabetes (ISPAD) as follows: blood glucose above 200 mg/dl, metabolic acidosis (venous pH under 7.30 or serum bicarbonate under 15 mEq/L), and ketosis (ketonemia or ketonuria). According to venous pH, DKA can be classified into mild (under 7.30), moderate (under 7.20), or severe (under 7.10) (15, 16). Diabetic ketosis (DK) was defined as ketonemia and/or ketonuria. The present study excluded patients with an uncertain diagnosis of T1DM and those with diabetes secondary to some other conditions, such as hemochromatosis, cystic fibrosis, or chemotherapy. Participants were classified into three age groups: <5 years, 5 to <10 years, and ≥10 years. The same patient population was also categorized as DKA and non-DKA groups based on clinical criteria. Additionally, the patients with DKA were further grouped by the severity levels (mild/moderate/severe) for the study.

This study was approved by the University of Zhejiang's Institutional Review Board and adhered to the tenets of the Declaration of Helsinki. Written informed consent and assent, when appropriate, were obtained from all the participants or parents or legal guardians at the beginning of the study.



Anthropometric and Laboratory Measures

The body weight and height of the participants were measured following a standardized procedure by trained investigators. The body mass index (BMI) was calculated as weight (kg)/height (m2) and was converted to BMI z score as [BMI–mean (BMI)]/SD (BMI), the mean (BMI) and SD (BMI) were obtained from the height and weight standardized growth charts of Chinese children and adolescents (17).

All subjects had blood drawn for plasma glucose, C-peptide (CP), glycated hemoglobin (HbA1c), pH, ketone bodies, serum bicarbonate along with T1DM-related antibodies, such as glutamic acid decarboxylase antibody (GADA), insulinoma antigen-2 antibody (IA−2A), insulin autoantibodies (IAA), Zinc Transporter 8 antibody (ZnT8A), and islet cell antibody (ICA). The urine sample was also collected for a test of glycosuria and ketonuria. Meanwhile, a questionnaire survey about the birth history and family history of diabetes was obtained. Insulin therapeutic regimens (continuous subcutaneous insulin infusion [CSII] with an insulin pump or multiple daily subcutaneous injections of insulin) were recorded and also both hospitalization and post-hospitalization durations.



Statistical Analysis

Means (± SD), medians (interquartile range), or geometric means (95% CI) for continuous variables were calculated based on their distributions and proportions and were estimated for categorical variables. Continuous variables were compared using the independent sample t-test, Mann-Whitney U test, Univariate ANOVA, or Kruskal-Wallis test, depending on the distribution of variables and the numbers of groups compared. Categorical variables were compared using the chi-squared (χ2) test. The correlation analysis and partial correlation analysis were adopted for analyzing the relationship between variables. In the examination of <5 years, 5 to <10 years, and ≥10 years groups, we used analysis of covariance (ANCOVA) to compare the geometric means of adjusting for BMI z score as covariate, the ordinal logistic regression was used when the data distribution was skewed. In the study of DKA and non-DKA groups, the binary logistic regression was used, and age and BMI z score were used as independent variables. All comparisons were exploratory. A value of p < 0.05 was considered statistically significant. Statistical analysis was performed using IBM SPSS 20.0 statistical software.



Clinical Incidence of T1DM

All newly diagnosed diabetes cases were outpatient or emergency department visits before hospitalization. Because the population of children and adolescents in all of the areas where the study centers located is not available, we cannot calculate the incidence of T1DM in the general population. However, the clinical incidence rate of T1DM, which reflects the incidence of disease in all children and adolescents attending clinical clinics, can be obtained. The clinical incidence rate of T1DM was calculated as the sum of newly diagnosed cases of both children and adolescents each year divided by the annual number of outpatient and emergency visits in 34 medical centers in China.




RESULTS


Clinical Incidence of T1DM

The annual clinical incidence of T1DM had gradually increased from 2.71/100,000 in 2015, 3.08/100,000 in 2016, 2.98/100,000 in 2017, 3.67/100,000 in 2018 to 3.37/100,000 in 2019. Besides, within the country variation was seen with rates 6–8 times higher in the northeast than the southwest (Figures 1, 2). The mean annual clinical incidence of T1DM was 3.16/100,000, and the CAGR was 5.6% during the period 2015–2019.


[image: Figure 1]
FIGURE 1. Clinical incidence of T1DM in children and adolescents in China.
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FIGURE 2. Clinical incidence of T1DM in children and adolescents in China stratified by geographical region.




Participants Characteristics

In total, 7,700 patients aged 0–16 years were approached based on the inclusion criteria of T1DM. Of these, 7,206 patients were recruited. Among the participants, 34 were excluded because of the presence of diabetes secondary to some other conditions, such as hemochromatosis, cystic fibrosis, or chemotherapy. Additional 628 patients were excluded because of missing CP and/or T1DM-related antibody data. In the end, 6,544 patients with newly diagnosed T1DM were eligible for the study, with a median age of 7.84 ± 3.8 years, the proportion of each age group: <5 years (29.3%), 5 to <10 years (38.7%), and ≥10 years (32%), and 52.4% of women. The clinical characteristics of the participants were summarized as follows: BMI z score, −0.22 ± 1.58 (kg/m2); HbA1c, 11.8 ± 2.72 (%); pH of DKA, 7.15 ± 0.16; and CP, 0.25 ± 0.4 (ng/ml). Among the participants, the incidence rates of DK and DKA were 75.6 and 52.7%, respectively, at the first diagnosis. Overall 41.8% of the patients had measurable T1DM-related antibodies, such as GADA (27.7%), IA−2A (15%), IAA (13.2%), ZnT8A (10.4%), and ICA (9.6%); 19.8% of the patients showed two or more serum antibodies positive. In total, 90.5% of T1DM cases occurred in individuals without a family history of diabetes mellitus, only 2.1, 6.7, and 0.7% of the cases had a family history in first-, second-, or third-degree relatives, respectively. All of the newly diagnosed patients with T1DM received the treatment of insulin during their period of hospitalization. In total, 27.4% of them were treated with insulin pump (CSII) therapy, and the others (72.6%) were treated with multiple daily subcutaneous injections of insulin. However, a very low percentage (5.5%) of patients adopted insulin pump therapy post-hospitalization.



Relationships Between the Clinical Parameters of Participants

There were noticeable positive correlations between CP and age, CP and BMI z score. CP had a weak correlation with the number of antibodies and family history, respectively. HbA1c was positively correlated with age, but it was inversely correlated with BMI z score. DKA status (yes/no) was positively correlated with the number of existing antibodies (r = 0.17, p = 0.000), while it was negatively correlated with CP. There was no noticeable correlation between HbA1c and CP (Table 1).


Table 1. Relationships between the clinical parameters of participants.
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Comparative Analysis Among the age Groups

Compared with the 5 to <10 years and ≥10 years groups, the <5 years group had significantly lower BMI z score, adjusted CP, and adjusted HbA1c (Figures 3A,B), and meanwhile, markedly higher the incidence of DK and DKA. Patients in the group of <5 years had a notably lower rate of CSII therapy during the period of hospitalization, while remarkably higher during the post-hospitalization sequential treatment when compared with the 5 to <10 years and ≥10 years groups. Although there was no significant difference in total antibody positive rates among the three age groups, the group of <5 years still had higher positive rates of GADA, IA−2A, and IAA than the others. There was no notably difference in family history among the three age groups (Table 2).


[image: Figure 3]
FIGURE 3. Indices of insulin secretion (CP) and HbA1c in the participants. Panels (A,B): Age groups. Panels (C,D): DKA and non-DKA groups.



Table 2. Participant clinical parameters comparing <5 years, 5 to <10 years and ≥10 years.
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Comparative Analysis Between the DKA and Non-DKA Groups

Compared with the non-DKA group, the DKA group had significantly lower age, BMI z score, CP (Figure 3C), and rate of family history positive (Figure 4), but in contrast, dramatically higher GADA, ICA, total antibodies positive rate, HbA1c (Figure 3D), and rate of CSII therapy. There was no notable difference in gender between the groups (Table 3).


[image: Figure 4]
FIGURE 4. Percentage of family history positive in DKA and non-DKA groups respectively.



Table 3. Participant characteristics and laboratory data comparing DKA and non-DKA.
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Besides, there was no significant difference in gender, age, BMI z score, CP, HbA1c, total antibodies positive rate, family history, and the rate of CSII therapy among the DKA subgroups (mild, moderate, and severe groups).




DISCUSSION

Type 1 diabetes mellitus is a chronic autoimmune disease characterized by the loss of insulin-producing pancreatic β-cells. The pathogenesis of the disease is multifactorial and involves a genetic susceptibility that predisposes to abnormal immune responses in the presence of environmental triggers that insults to the pancreatic islets (18, 19). There is no single clinical feature, which can perfectly distinguish type 1 from non-type 1 diabetes at diagnosis. The classification depends on consideration of risk factors for type 1 vs. other subtypes and the integration of clinical features (e.g., age of diagnosis, BMI, and CP) with biomarkers (e.g., pancreatic autoantibodies) (20). In this cohort study, we found that the clinical incidence of T1DM in children and adolescents in China was 3.16/100,000, and it has been gradually increasing annually. That can indirectly reflect the incidence of T1DM in the general population. The peak period of disease onset was in school-aged children (aged 5 to <10 years, 38.7%), which is similar to the report of the SEARCH (SEARCH for Diabetes in Youth) study in the United States (21). Women had a slightly higher morbidity of T1DM, consistent with the previous findings (4), which may be one of the features of childhood T1DM in China. Although obesity is associated with the increasing presentation of T1DM for a potentially excess β-cell stress (22, 23), the patients were rarely obese at diagnosis in our study. We found that the patients were generally underweight with a lower BMI z score, furthermore, the BMI z score was negatively correlated with the severity of the disease. Despite T1DM is a heritable polygenic disease with identical twin concordance of 30–70%, sibling risk of 6–7%, and a risk of 1–9% for children who have a parent with diabetes (24, 25), the overwhelming majority of the cases occurred in individuals without a family history of diabetes mellitus (90.5%) in our study. It indicated that environmental risk factors may play a crucial role in the pathogenesis of T1DM in addition to genetic factors.

The pathogenesis of T1DM results from a complex interaction between the pancreatic β-cell and innate and adaptive immune systems, inflammation, and selective autoimmune destruction of the pancreatic β-cells resulting in insulin deficiency (26–28). The presence of autoantibodies is associated with the destruction of pancreatic β-cell. Previous studies have reported that over 90% of people with newly diagnosed T1DM have measurable antibodies, they are one of the most reliable biomarkers for autoimmune diabetes in both children and adults (29). In our study, overall 41.8% of the patients with newly diagnosed T1DM had measurable-related antibodies, and 19.8% of the total patients showed two or more serum antibodies positive. The rate of antibody positive is similar to Indian (30), but significantly lower than Caucasian, Japanese, and Korean (31, 32), the discrepancy may be due to the different levels of quality control in the test. Under the background of a low antibody positive rate, in order to avoid misdiagnosing other forms of diabetes among patients with negative autoantibodies, the classification should depend on consideration of risk factors for type 1 and the clinical features (e.g., age of diagnosis, BMI, and CP) and should get the genetic testing if necessary (e.g., it is difficult to distinguish from monogenic diabetes). We also found that patients aged <5 years had a higher positive rate of GADA, IA-2A, and IAA than the older age groups. Previous investigations have suggested that IAA is often the first expressed, especially in younger children, GADA positivity represents a propensity for general autoimmunity, while IA2-A positivity may be a more specific marker of β-cell destruction (19). It could be concluded that patients aged <5 years may be engaged in a very early autoimmunity leading to β-cell destruction and finally the onset of T1DM. People with T1DM have reduced β-cell function at diagnosis when compared with healthy ones (33, 34). Usually, low CP as a marker of severe endogenous insulin deficiency is useful to guide both classification and treatment in cases of diabetes (35). In this cohort, the β-cell function of participants has been severely impaired (reflected by a lower CP). Furthermore, we also find that younger age, lower BMI z score, and the presence of more antibodies are the destructive factors to the β-cell function. In addition, a worsening β-cell function means an increasing incidence of DKA.

Diabetic ketoacidosis is a serious complication of T1DM, which is characterized by the triad of hyperglycemia, acidosis, and ketosis caused by insulin deficiency. It is the main cause of morbidity and mortality in children and adolescents with T1DM due to the short-term risks and long-term consequences (36–39). Previous studies have shown that the frequency of DKA at diagnosis has ranged from 12.8% (Sweden) to 80% (United Arab Emirates), and it is inversely associated with gross domestic product, latitude, and background incidence of T1DM (40, 41). In our study, the incidence rate of DKA at the onset of T1DM was 52.7%, much higher than developed countries and similar to India (5, 42). It can be explained by different levels of disease awareness and healthcare provision, in countries with a low incidence of T1DM, the awareness of DKA tends to be low while the rate of DKA is high, conversely, in countries with higher incidence and prevalence rates of T1DM, people are more effective in the detection of symptoms of new-onset T1DM prior to DKA, and then many children with new-onset T1DM receive insulin therapy in time to avoid DKA. That also can be indirectly explained by the newly diagnosed patients with a family history of T1DM who usually had a low incidence of DKA. That suggests the ways to reduce the rate of DKA even further following appropriate campaigns, such as increased medical awareness and healthcare provision (43). We also find that factors associated with increased risk of DKA are younger age, lower BMI z score, lower CP, higher positive rate of antibodies, and the number of existing antibodies, while the protective factor is having a family history of T1DM at the time of diagnosis. Our finding is supported by a number of preceding observational studies (44, 45). Despite there was no significant correlation between HbA1c and DKA, the DKA group had a significantly higher HbA1c (11.8 ± 2.72, %) when compared with the non-DKA group. We have found that HbA1c is lower in younger patients in the study of age groups, but it is conversely higher in the younger patients with DKA, implying that young children with DKA at diagnosis already have more aggressive dysglycemia and β-cell destruction, which is associated with a low rate of partial remission (37). Unfortunately, we found that the youngest patients (aged <5 years) had the highest incidence rate of DKA at the onset of T1DM (56.9%).

The Diabetes Control and Complications Trial (DCCT) showed that intensive glycemic control improved the outcomes in patients with T1DM (46, 47), and insulin therapy is the cornerstone. In this study, all of the newly diagnosed patients with T1DM received the treatment of insulin during the period of hospitalization, only 27.4% of them adopted insulin pump therapy (CSII), and the rate had plummeted to 5.5% during the post-hospitalization sequential treatment. The percentage of CSII therapy is much lower than in developed countries, such as the United States (50%), Germany, and Australia (74%) (48), that may be caused by multifactors that include economic factors, availability of resources, and patient's propensity to the treatment, etc. It has been previously reported that insulin pump therapy is more efficient in glycemic control and minimizes short- and long-term complications (49, 50). We also found that patients with DKA had a higher rate of CSII treatment both during hospitalization and post-hospitalization when compared with patients with non-DKA, indicating that patients with DKA need more efficient insulin therapy. DKA at diagnosis of T1DM in children predicts poor long-term glycemic control, increasing the risk for long-term complications. Targeted DKA prevention programs could result in substantial healthcare cost reduction and reduced patient morbidity and mortality (51). Public health measures for the prevention and treatment of T1DM should be directed toward the preschoolers (aged <5 years), considering the severity and highest frequency of DKA in this age group. Levels of disease awareness and healthcare provision should be improved timely. Previous studies have shown that immune-mediated β-cell destruction, marked by the presence of diabetes autoantibodies, occurs before and continues after the clinical diagnosis of T1DM, most patients will have complete destruction of β-cells within a few years after diagnosis without a targeted intervention to sustain β-cell function (28, 52). Multiple studies have reported that even the modest preservation of β-cell function could achieve better glycemic control and long-term benefits (53–55). Hence, more efforts should be dedicated to achieve early screening and diagnosis of the disease and preserve β-cell function as early as possible.

The primary limitation of this study is that as a multicenter study, the laboratory tests, such as HbA1c, autoantibody, and CP, were not measured in a central laboratory and this could introduce bias, although all the tests were performed using a standardized assay protocol. Furthermore, differences in race/ethnicity factors among the participants may explain some of the outcome differences, though the number of participants of racial and ethnic minorities is very small, we cannot make a comparative study between different ethnic groups due to the lack of relevant data. Further research studies are urgently required.
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