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Abstract and Keywords Page
Abstract:
Background: Several studies indicate associations between early growth and type 1 diabetes (T1D). However, it remains an open question whether these findings can be translated to typical growth patterns associated with increased risk for T1D-associated islet autoimmunity. 
Methods: We analysed pooled data from 2,236 children followed up in two large prospective German birth cohorts with a genetically increased risk for T1D including 18,564 measurements of height and weight, which were transformed to sex- and age specific standard deviation scores (SDS). 191 children developed any islet autoantibodies, 101 multiple islet autoantibodies. We applied a model based clustering technique to derive typical height and body mass index (BMI) growth patterns, stratified for maternal T1D status. These patterns were used to predict islet autoimmunity in logistic regression models, adjusted for potential confounders. 
Results: Growth patterns were not associated with islet autoimmunity in the whole dataset and in children of diabetic mothers, respectively. In children of non-diabetic mothers however, islet autoimmunity was associated with rapidly increasing BMI SDS values until age 3 years (adjusted odds ratio [95% confidence interval]: 2.02 [1.03, 3.73] for development of any islet autoantibodies), and with consistently above average height SDS values (odds ratio: 2.21 [1.15, 4.17]). In contrast, a pattern of high height SDS values at birth followed by a decrease to average values after 3 years was associated with a reduced rate of islet autoimmunity (odds ratio: 0.16 [0.01, 0.62]).  
Conclusion: Early growth patterns may be associated with T1D-related islet autoimmunity risk in children of non-diabetic mothers. 

Keywords: 
Type 1 Diabetes, Growth, Autoimmunity, Children, Statistics



Introduction
Type 1 diabetes (T1D) is one of the most common chronic diseases in childhood, and its incidence is increasing worldwide (1). Before the first symptoms occur, patients go through a preclinical period of islet autoimmunity, which often develops already in infancy (2, 3). Besides a strong genetic component (4, 5), also environmental factors seem to play an important role in the pathogenesis of T1D (6).
Early growth has been suspected to be one of those factors according to the so-called ‘accelerator hypothesis’ (7), which is supported by evidence from several studies measuring growth up to or at a certain age (8-15). A previous analysis from our study group indicated that the association between early growth and T1D risk might be even more subtle, with an early age at an individual’s infant body mass index (BMI) peak being a potential predictor of islet autoimmunity development (16). However, it remains an open question whether these findings can be translated to typical growth patterns which are associated with increased risk for T1D-associated islet autoimmunity. Therefore we re-analysed our data using a functional clustering technique to identify distinct growth patterns from birth to age 18 years and investigated associations with islet autoimmunity. 

Methods
Study population
Data from two ongoing German birth cohorts of healthy neonates with a familial increased risk for T1D, the BABYDIAB study and the BABYDIET natural follow-up study (17-19), were combined for this analysis. Between 1989 and 2000, a total of 1,650 offspring of patients with T1D were recruited for the BABYDIAB study and were followed for a median of 15.7 years. Between 2000 and 2006, 791 additional offspring or siblings of patients with T1D were screened in the context of the BABYDIET study and were followed by using the BABYDIAB protocol for a median of 8.7 years. Of those 150 participated in the BABYDIET dietary intervention study, the intervention had no effect on islet autoimmunity development or on growth parameters (18, 20). 
The studies were approved by the ethical committee of Bavaria, Germany (Bayerische Landesärztekammer No. 95357 and Ludwig-Maximilians University No. 329/00 respectively). All families gave written informed consent to participate in the study. Investigations were carried out in accordance with the principles of the Declaration of Helsinki, as revised in 2000.

Growth measurements
Length or height and weight measurements during infancy were obtained by pediatricians or general practitioners performing the examinations of the well-baby preventive health program offered to all children in Germany (‘U-Untersuchungen’). These are regularly conducted at birth and at the age of 3-10 days, 4-6 weeks and 3-4, 6-7, 10-12, 21-24, 46-48 and 60-64 months. Thereafter, data on height and weight was assessed during study visits in three year intervals in the BABYDIAB study and yearly in the BABYDIET study. Length of children below the age of 2 years was measured with an infantometer with a precision of ± 1 mm and height of children older than 2 years with a stadiometer with a precision of ± 1 mm. Weight was measured digitally or beam using a scale with a precision of ± 100 g. Height, weight and BMI values were transformed to sex and age specific standard deviation scores (SDS, “z-scores”) based on German reference values for growth (21). In total, we had 20,275 measurements of either height or weight in 2,430 individuals (1,639 from BABYDIAB, 791 from BABYDIET) available.

Outcome variables
Islet autoantibodies were measured in venous blood samples from scheduled visits. Children in the BABYDIAB study had scheduled visits at birth, and at age 9 months, and at 2, 5, 8, 11, 14, 17 and 20 years of age, whereas children in the BABYDIET study had 3-monthly visits from birth until the age of 3 years, and yearly until the age of 12 years. Measurement of islet autoantibodies has been described elsewhere (19, 22). Islet autoimmunity was defined by the development of persistent autoantibodies to one or more of the antigens insulin, GAD65, IA-2 or Zn-T8. Samples with values above the 99th percentile of control children were defined as positive. Persistence was defined as positive in at least two consecutive samples and in the last available sample. Islet autoantibody assays were evaluated by the Diabetes Autoantibody Standardization Program (23). 

Data preparation
In a preprocessing step, we excluded 670 outliers of growth measurements (defined as lying outside of the median +/-1.5 times the interquartile range). An additional 868 growth measurements after seroconversion to islet autoimmunity were excluded to avoid reverse causation issues. Further, we used only data from individuals with at least 2 growth measurements (excluding outliers and measurements after seroconversion), reducing the dataset to a total of 18,564 growth measurements from 2,236 individuals. 

Statistical analysis
We applied a functional clustering technique on the growth measurements in order to assign the individuals to groups (clusters), so that growth patterns of the same group are more similar to each other than those of different groups. Each cluster is represented by a center curve. We used a model-based method, where each curve is projected onto a spline basis with random coefficients plus a measurement error (24). The coefficients are assumed to follow a Gaussian distribution with a cluster specific mean and covariance matrix. Therefore a mixture likelihood with unknown distribution parameters and cluster affiliation can be defined and is maximized by the EM-algorithm. One advantage of this model is that sparse measurements are allowed, so that the number and location of measurements can differ between individuals.  
As the number of clusters has to be predefined beforehand, we applied the algorithm for five up to eight clusters. The cluster centers stayed robust with an increasing number of clusters, i.e. the patterns of the curves in the five-class solution appeared in the eight-class solution as well. We therefore decided to use the eight-class solution, because the eight center curves distinguished well and each group contained a considerable number of individuals. 
Once the clusters were found, a - respectively Fisher’s exact test (for expected cell values smaller 5) was used to determine whether any of them was associated with islet autoimmunity (any or multiple islet autoantibodies), maternal T1D, the HLA-DR3/4 genotype, maternal smoking during pregnancy, preterm delivery (<37 weeks of gestation), delivery mode (C-section yes/no) and breastfeeding (ever vs. never). Significant associations with single clusters were assessed using Pearson residuals (defined as absolute residuals >2, corresponding with p<0.05). 
All analyses were performed on the whole dataset and separately for children with and without a mother with T1D (1,294 and 942 individuals, respectively) to account for potential confounding by maternal T1D status. In children of non-diabetic mothers, we additionally estimated odds ratios (ORs) for development of any or multiple islet autoantibodies by each growth cluster within a logistic regression model with Firth’s correction method (25) if necessary. We used the cluster with the biggest sample size as reference (based on sum contrasts), and adjusted for the HLA-DR3/4 genotype, maternal smoking during pregnancy, preterm delivery, delivery mode and breastfeeding duration.
As the main incidence peak of islet autoimmunity is known to occur during the first 2-3 years of life (2, 26), we additionally investigated these associations in a reduced dataset, containing only growth measurements up to age 3 years. 
All statistical tests were performed at the two-sided 0.05 significance level, and were conducted in R version 3.1.1 (http://cran.r-project.org/), using the vcd package. 

[bookmark: Ref_x1-60003]Results
The data contained 191 (8.5 %) children who developed islet autoimmunity (101 (4.5%) having multiple islet autoantibodies) at a median age of 4 years, 85 (44.5 %) of them until age 3 years. On average, every child had 8.30 plausible growth measurements (either height or BMI SDS) recorded in the dataset (Table 1). 
The center curves of the clusters for the complete dataset are shown in Figure 1. None of the eight estimated growth curves for either height or BMI, respectively, was significantly associated with islet autoimmunity in the whole dataset (supplementary table 1). Similarly, in children of mothers with T1D, no significant associations were observed between any growth patterns (figure 2) and an increased risk of islet autoimmunity (supplementary table 2). 
However, in children of non-diabetic mothers (Figure 3), islet autoimmunity was associated with specific patterns of BMI SDS (p=0.045 for development of any islet autoantibodies, supplementary table 3) and height SDS (p<0.001 for development of any islet autoantibodies). In particular, these growth patterns reflected average values of BMI SDS at birth and rapidly increasing SDS values until age 3 years (cluster 7), and slightly decreasing, but consistently above average height SDS values (cluster 8). In contrast, a pattern of very high height SDS values at birth followed by a decrease to average values after 3 years was associated with a reduced rate of islet autoimmunity (cluster 2). In adjusted analyses, these patterns were still found to be associated with development of any islet autoantibodies, with ORs [95% confidence intervals] of 2.02 [1.03, 3.73] for BMI growth cluster 7 (table 2), as well as 0.16 [0.01, 0.62] and 2.21 [1.15, 4.17] for height growth clusters 2 and 8, respectively (table 3). Additionally, BMI growth cluster 3 – representing a contrasting pattern to that of BMI cluster 7 – was found to be associated with reduced risk of islet autoantibody development (OR 0.38 [0.13, 0.86]), and height growth cluster 5 – having a similar pattern to height cluster 8 – with increased risk (OR 2.51 [1.37, 4.61]) in adjusted analyses. The results for outcome multiple islet autoantibodies were very similar. 
We did not observe significant associations of growth and islet autoimmunity when we restricted the dataset to growth measurements up to age 3 years (data not shown).

Discussion

These analyses indicate that early growth patterns may be associated with islet autoimmunity in T1D high-risk children whose mothers are non-diabetic. According to our results, a pattern of rapid BMI (i.e. weight) gain during the first three years of life seemed predictive of a higher risk of islet autoimmunity. On the other hand, while a consistently above average height SDS was associated with increased islet autoimmunity risk, a rapid decrease from very high to average height SDS values seemed rather protective.  
Our results are in line with several previous studies which indicated that a high early weight gain is associated with development of early autoimmunity / T1D (9-12). However, it seems that our finding that a fast normalization in height of children who were large at birth may be associated with reduced islet autoimmunity risk is novel, but not contradictive to previous findings indicating a positive association between growth in height and T1D risk (8, 12). We can only speculate why these associations were apparently restricted to children of non-diabetic mothers. Possibly, the well-known impact of maternal diabetes on offspring’s growth (27) is so strong that it simply ‘overrides’ the more subtle associations we found in children of non-diabetic mothers.
In general, our other findings are also consistent with the literature. Children born preterm often have a low birth weight and length (if gestational age is not taken into account), and low birth weight infants are likely to show catch-up growth leading to an increased BMI in childhood (28-30). In our full dataset, these growth patterns were also associated with cesarean section, which may simply be due to the fact that preterm children are less likely to be born by vaginal delivery (31). 
We used an established approach to analyse functional data which has already been applied for other research questions such as clustering electricity power demand curves (32), finding gender differences in growth curves (33) or investigating gene expression trajectories (34). A major advantage of this approach is that it allows finding temporal structures in longitudinal data without any a priori knowledge. Further, the data can be irregular or sparse, meaning that different individuals do not need to have the same number of measurements or measurements at the same time points. A potential limitation of this approach is that it does not account for uncertainty with respect to the cluster centers. 
To account for potential confounding factors we stratified for maternal T1D status, as this factor is associated with increased risk of macrosomia (35, 36), but also with a lower risk for T1D compared to paternal T1D status (37). We attempted to avoid reverse causation issues as far as possible by excluding all growth measurements after detection of islet autoimmunity. However, the BABYDIAB children did not follow a yearly schedule of blood sampling after age 2 years, so that we may have treated some growth measurements as pre-autoimmune which were taken after the exact time point of seroconversion to islet autoimmunity.
In summary, early growth patterns may be associated with T1D-related islet autoimmunity risk in children of non-diabetic mothers only. While a rapid increase in BMI seemed to increase the risk of islet autoimmunity, a fast decrease in height from very high to normal values was associated with reduced risk.
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Table 1. Characteristics of the 2,236 study subjects with at least two plausible height / and or body mass index (BMI) standard deviation scores (SDS). Proportions refer to number of available cases.
	
	Mean (SD) or n (%)

	Any islet autoantibodies
	191 (8.5%)

	Multiple islet antibodies
	101 (4.5%)

	Type 1 diabetes
	73 (3.2%)

	Maternal type 1 diabetes
	1,294 (57.8%)

	Male gender
	1,146 (51.3%)

	HLA-DR3/4 genotype
	176 (8.2%)

	Maternal smoking during pregnancy
	217 (9.9%)

	Preterm delivery
	260 (11.8%)

	Delivery by cesarean section
	796 (37.0%)

	Child was breastfed
	1,663 (83.7%)

	Number of growth measurements
	8.30 (3.56) 

	Height SDS at age 2 years
	0.20 (0.96)

	Height SDS at age 4 years
	0.21 (0.93)

	Height SDS at age 8 years
	0.31 (0.92)

	BMI SDS at age 2 years
	0.12 (0.95)

	BMI SDS at age 4 years
	0.04 (0.86)

	BMI SDS at age 8 years
	0.19 (0.96)
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Table 2. Odds ratios [95% confidence intervals] for development of any and multiple islet autoantibodies, by body mass index (BMI) growth clusters in children of non-diabetic mothers as defined in Figure 3 (reference: cluster 5), adjusted for the HLA-DR3/4 genotype, maternal smoking during pregnancy, preterm delivery, delivery mode and breastfeeding duration (in months). Significant associations are shown in bold face.
	
	Any autoantibodies
	Multiple autoantibodies

	BMI growth cluster 1 
	1.50 [0.71, 2.91]
	1.36 [0.50, 3.15]

	BMI growth cluster 2 
	1.01 [0.47, 1.95]
	1.36 [0.55, 2.95]

	BMI growth cluster 3 
	0.38 [0.13, 0.86]
	0.35 [0.07, 1.03]

	BMI growth cluster 4 
	1.01 [0.42, 2.09]
	0.59 [0.12, 1.77]

	BMI growth cluster 6 
	0.93 [0.41, 1.85]
	0.66 [0.18, 1.74]

	BMI growth cluster 7 
	2.02 [1.03, 3.73]
	2.45 [1.09, 5.08]

	BMI growth cluster 8
	0.82 [0.37, 1.61]
	1.28 [0.52, 2.76]

	HLA-DR3/4 genotype
	4.01 [1.91, 8.05]
	4.28 [1.76, 9.68]

	Maternal smoking during pregnancy 
	0.64 [0.20, 1.66]
	0.82 [0.22, 2.42]

	Preterm delivery 
	0.71 [0.23, 1.81]
	0.74 [0.16, 2.34]

	Delivery by cesarean section 
	1.00 [0.50, 1.88]
	1.23 [0.53, 2.60]

	Breastfeeding duration
	0.97 [0.91, 1.03]
	0.97 [0.90, 1.05]




Table 3. Odds ratios [95% confidence intervals] for development of any and multiple islet autoantibodies, by height growth clusters in children of non-diabetic mothers as defined in Figure 3 (reference: cluster 3), adjusted for the HLA-DR3/4 genotype, maternal smoking during pregnancy, preterm delivery , delivery mode and breastfeeding duration (in months). Significant associations are shown in bold face.
	
	Any autoantibodies
	Multiple autoantibodies

	Height growth cluster 1 
	0.63 [0.18, 1.67]
	0.70 [0.59, 0.83]

	Height growth cluster 2 
	0.16 [0.01, 0.62]
	0.62 [0.53, 0.72]

	Height growth cluster 4
	1.38 [0.65, 2.78]
	1.09 [0.92, 1.31]

	Height growth cluster 5 
	2.51 [1.37, 4.61]
	1.48 [1.24, 1.82]

	Height growth cluster 6 
	1.10 [0.48, 2.33]
	0.99 [0.84, 1.17]

	Height growth cluster 7 
	0.90 [0.30, 2.17]
	0.91 [0.76, 1.11]

	Height growth cluster 8
	2.21 [1.15, 4.17]
	1.28 [1.08, 1.54]

	HLA-DR3/4 genotype
	4.49 [2.12, 9.12]
	91.64 [0.06, 286288.66]

	Maternal smoking during pregnancy 
	0.68 [0.21, 1.78]
	1.04 [0.81, 1.35]

	Preterm delivery 
	0.93 [0.29, 2.49]
	0.90 [0.71, 1.17]

	Delivery by cesarean section 
	1.07 [0.53, 2.02]
	1.15 [0.98, 1.38]

	Breastfeeding duration
	0.96 [0.90, 1.02]
	0.98 [0.97, 1.00]


 

Figure 1: Center curves of body mass index (BMI) and height standard deviation scores (SDS) over time for the whole dataset
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Figure 2: Center curves of body mass index (BMI) and height standard deviation scores (SDS) in children of mothers with type 1 diabetes
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Figure 3: Center curves of body mass index (BMI) and height standard deviation scores (SDS) in children of mothers without type 1 diabetes
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