Fasting hypoglycemia is associated with disease progression in presymptomatic early stage type 1 diabetes
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Abstract

Aims: In children with presymptomatic type 1 diabetes, intermittent hyperglycemia and rising HbA1c levels are a known signal of progression towards insulin-dependency. Episodes of hypoglycemia, however, have also been reported in one published case. We investigated the prevalence of hypoglycemia and its association with disease progression in children with presymptomatic type 1 diabetes.
Methods: We compared the frequency of hypoglycemic fasting blood glucose levels (<60 mg/dl) in 48 autoantibody negative and 167 multiple beta-cell autoantibody positive children aged 2-5 years. We classified the autoantibody positive children into three categories based on their glucose levels in fasting state (hypoglycemic (<60 mg/dl, normoglycemic (60-99 mg/dl) or hyperglycemic (≥100 mg/dl)). We then compared the glucose levels under challenge during oral glucose tolerance tests (OGTT) between the three categories.
Results: In the autoantibody positive children, 5.1% of the fasting samples were hypoglycemic, while in the autoantibody negative children no hypoglycemia was observed. Hypoglycemia occurred more often in autoantibody positive children who had already entered stage 2 or stage 3 of type 1 diabetes than in stage 1 patients (p=0.02). Children who had hypoglycemic compared to normoglycemic fasting blood glucose values had higher 120 minute blood glucose values under OGTT challenge, and a higher rate of pathological OGTTs (p=0.04).
Conclusions: Fasting hypoglycemia seems to be an indicator of disease progression in presymptomatic type 1 diabetes and may therefore represent a novel marker for the identification of children who should be monitored more closely for progression towards insulin dependent type 1 diabetes.  
Research in context

· Hypoglycemia has previously been suggested as a precursor of insulin-dependent type 1 diabetes, but never been investigated in detail.

· The aim of this study was to determine if hypoglycemic fasting blood glucose values were associated with disease progression in children with multiple beta cell autoantibodies who did not receive insulin treatment.
· Hypoglycemic fasting blood glucose values were observed in multiple beta cell autoantibody positive, but not in beta cell autoantibody negative children participating in the German Fr1da and POGO studies, respectively. Hypoglycemia also occurred more often in autoantibody positive children with an advanced stage of type 1 diabetes. 
· Children who had hypoglycemic compared to normoglycemic fasting blood glucose values had higher 120 minute blood glucose values under OGTT challenge, and a higher rate of pathological OGTTs. 

· We suggest that hypoglycemia is a symptom of presymptomatic type 1 diabetes and indicates disease progression. 
Introduction
In the context of type 1 diabetes (T1D), hypoglycemia under insulin therapy is a common issue 
 ADDIN EN.CITE 
[1-3]
. Hypoglycemia before insulin treatment in people with presymptomatic T1D, however, has only been reported in one case study [4]. In general, knowledge about blood glucose levels in presymptomatic T1D is sparse because up to now T1D was only diagnosed when patients presented with typical symptoms resulting from metabolic decompensation. Early stages of T1D are defined by the absence of such symptoms, the presence of at least two beta cell autoantibodies and either normoglycemia (stage 1) or dysglycemia (stage 2) during an oral glucose tolerance test (OGTT) performed before the onset of symptomatic, insulin-dependent diabetes (stage 3) 
 ADDIN EN.CITE 
[5]
. The Fr1da study aims to establish a population-based screening of 2-5 year old children for the presence of an early stage of T1D and thus provides a unique opportunity to explore blood glucose levels in presymptomatic T1D 
 ADDIN EN.CITE 
[6]
. We investigated whether fasting hypoglycemia more often occurs in presymptomatic multiple beta cell autoantibody positive (multAB) than autoantibody negative (ABneg) children, and whether hypoglycemia is associated with disease progression.
Research Design and Methods
Study population
The Fr1da study screens children aged 2-5 years living in Bavaria, Germany, for an early stage of T1D, which is defined by the presence of multiple beta cell autoantibodies (IAA, GADA, IA2A or ZnT8) 
 ADDIN EN.CITE 
[6]
. Between January 2015 and October 2017, 167 multAB children had their first Fr1da study visit (median age 4.2 years, 93 (55.7%) males), where an HbA1c test and a weight-adapted 75-g OGTT were performed. Further OGTTs were performed as part of the Fr1da follow-up as described elsewhere 
 ADDIN EN.CITE 
[6]
, summing up to a total of 277 OGTT and HbA1c measurements in 1-5 visits per child. OGTTs of 150 ABneg children aged 1-17 years were available from the POGO study, where healthy offspring of mothers with gestational diabetes were enrolled 
 ADDIN EN.CITE 
[7]
. In order to match the age distribution in Fr1da, we restricted the POGO data to children who were 2-5 years old and did not have a pathological OGTT (i. e. fasting blood glucose (FBG) ≥100 mg/dl and, if available, blood glucose ≥200 mg/dl at 30, 60 and 90 minutes and ≥140 mg/dl at 120 minutes during OGTT) at the time of the single study visit, yielding a sample size of 48 children (median age 4.5 years, 27 (56.3%) males) and 15 OGTT measurements. In both studies, children’s weight and height were measured under standardized conditions by trained study personnel. The studies were approved by the Ethical Committee of the Technical University, Munich, Germany (No. 70/14 and 2937, respectively). Written consent was obtained from the children's legal guardians. All samples from both studies were analyzed in the laboratory of the Institute of Diabetes Research at the Helmholtz Zentrum München, Neuherberg, Germany, for glucose levels and HbA1c, as well as for the presence of islet autoantibodies as previously described 
 ADDIN EN.CITE 
[8, 9]
. 

Statistical Analysis
The FBG samples were classified as hypoglycemic, normoglycemic or hyperglycemic (<60, 60-99, and ≥100 mg/dl, respectively). The first occurrence of a pathological OGTT (as defined above) was considered onset of stage 2 or (in case of a blood glucose value ≥200 mg/dl at 120 minutes) of stage 3 of T1D. Height and weight were used to calculate body mass index (BMI) and lipids were transformed into age- and sex-specific standard deviation scores (SDS), according to German reference values [10]. We compared the frequency of hypoglycemia (at first visit) and FBG values (at any visit) in ABneg and multAB children using the Fisher and Mann-Whitney-U test, respectively. In the multAB children, we investigated associations between blood glucose values during fasting state and under OGTT challenge, using scatterplots and locally estimated scatter plot smoothing (LOESS) curves. As a sensitivity analysis, we assessed these associations only for the initial samples of each child to avoid potential bias by differing numbers of repeated measurements within each individual. We further assessed associations of FBG categories with basic characteristics as well as with disease progression, HbA1c values and mean OGTT patterns using Fisher and Mann-Whitney U tests (as appropriate). Finally, we used logistic regression to assess the association of hypoglycemia (outcome variable) with disease stage in multiple autoantibody positive children, performing stepwise adjustment for sex, age, season of blood glucose measurement (Mar-May: spring; Jun-Aug: summer; Sep-Nov: autumn; Dec-Feb: winter) and BMI SDS. All data were analyzed using SAS 9.4 (SAS Institute Inc, Cary, North Carolina) and R 3.4.2 (R Foundation for Statistical Computing, Vienna, Austria).
Results
FBG levels were on average lower in samples from multAB than ABneg children (median 81 (interquartile range (IQR): 73, 88) mg/dl versus 84 (80, 87) mg/dl; p=0.02).

Ten multAB children (6.0%) had hypoglycemic FBG levels at their first visit compared to none of the ABneg children (p=0.12). One of these ten multAB children had another hypoglycemic FBG at its follow-up visit. Two multAB children who did not have a hypoglycemic FBG at their first visit had a hypoglycemic FBG at a follow-up visit, one of them another hypoglycemic FBG at the next consecutive visit. Overall, hypoglycemia therefore occurred in 14 of the 277 FBG measurements (5.1%) performed in the multAB children (total range of FBG measurements: 32-116 mg/dl).

Of the 167 children with multAB, 129 (77.3%) remained throughout follow-up in stage 1, while 29 (17.4%) progressed to stage 2, and nine (5.4%) to stage 3. There were no significant differences between autoantibody negative children and children who progressed to different stages during follow-up with respect to basic characteristics with the exception of a lower age at enrolment in those children who progressed to stage 2 (table 1). Fasting hypoglycemia was significantly more often observed in multAB children who had already entered stage 2 (4/60 samples (6.7%)) or stage 3 (3/14 samples (21.4%)) than in those who remained in stage 1 (7/203 samples (3.5%); p=0.02; figure 1). Accordingly, occurrence of hypoglycemia was significantly associated with having disease stage 3, but not with other potential predictors, and independently of those (table 2).
Scatterplots indicated that fasting hypoglycemia in multAB mainly correlated with blood glucose values after 120 minutes during OGTT, as these values were higher in samples with hypoglycemic than normoglycemic FBG values (figure 2, supplementary figure 1). The associations between fasting hypoglycemia and blood glucose values at 30, 60 or 90 minutes were less clear or non-existent. Accordingly, a pathological OGTT was observed on four of the 14 occasions (28.6%) where fasting hypoglycemia occurred compared to 23 of the 249 occasions (9.2%) where fasting normoglycemia was seen (p=0.04).
Mean curves of OGTTs associated with normo- and hyperglycemic fasting glucose values in multAB children peaked at 30 minutes, similar to the OGTTs of ABneg children. The respective mean blood glucose peak of multAB children with a hypoglycemic fasting blood glucose occurred only after 60 minutes (figure 3). The decrease in blood glucose from peak to 120 minutes was relatively weak in multAB samples associated with a hypoglycemic FBG value (15.4 mg/dl) compared to multAB samples with a normoglycemic FBG or ABneg samples (38.0 and 32.4 mg/dl, respectively), but similar to that in multAB children with a hyperglycemic FBG sample (20.1 mg/dl). Results were similar when multAB children who did not progress from stage 1 during follow-up were not included in the analysis (supplementary figure 2).
MultAb children with fasting hypoglycemia had similar median (IQR) HbA1c levels (5.3 (5.1-5.6) %) compared to those with normoglycemic fasting glucose levels (5.3 (5.1-5.5) %, p=0.62). 
Discussion
Our analyses showed that hypoglycemic FBG levels occasionally appear in multAB children aged 2-5 years, while we observed no fasting hypoglycemia in ABneg children of the same age. Fasting hypoglycemia was more frequently observed in multAB children with an advanced disease stage, and multAb children with fasting hypoglycemia more often had pathological OGTTs compared to those with normoglycemic FBG. HbA1c, however, was comparable in both FBG groups. We think this is most likely due to the fact that the hypoglycemic FBG values balanced the elevated post-prandial blood glucose values. Hypoglycemic FBG values were also associated with a diminished decrease in blood glucose after peaking indicating a decreased insulin secretion response, similar to hyperglycemic FBG values. 
Further studies with continued glucose monitoring of patients with hypoglycemic FBG values are needed in order to determine how often these patients have fasting hypoglycemia and whether their awareness of hypoglycemic events is diminished. A theoretical explanation for the results may be a dysregulation between alpha and beta cells. Another explanation may be a surge of insulin release due to beta cell destruction.  A similar phenomenon has already been documented in thyroid autoimmunity. In Hashitoxicosis an excess of thyroid hormone is released prior to Hashimoto thyroiditis [11]. Studies to assess glucagon and insulin levels will have to be performed in order to determine the underlying pathomechanism. In summary, we suggest that hypoglycemic FBG values in multAB children are an important prodrome of advanced stages of presymptomatic T1D. Monitoring of diabetes progression via HbA1c may not be sufficient and additionally require post-prandial blood glucose measurements. 
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Table 1. Characteristics of the children analyzed, stratified by autoantibody status / maximum disease stage during follow-up. Data are presented as n (%) or median (interquartile range), and differences between the groups were assessed using the Fisher or Mann-Whitney-U test (as appropriate). Body mass index (BMI), height and weight were transformed into age- and sex-specific standard deviation scores (SDS), according to German reference values [10].

	
	Autoantibody negative (n=48)
	Stage 1 (n=129)
	Stage 2 (n=29)
	Stage 3 (n=9)
	p-value

	Female children
	n=21 (44%) 
	n=56 (43%)
	n=15 (52%)
	n=3 (33%)
	0.78

	Age at enrolment (years)
	4.5 (3.7, 4.9)
	4.2 (3.3, 5.4)
	2.9 (2.3, 4.2)
	4.2 (3.1, 4.6)
	<0.01

	BMI SDS at enrolment
	0.0 (-0.8, 0.5)
	0.1 (-0.4, 0.7)
	0.2 (-0.9, 0.4)
	-0.4 (-1.1, 0.9)
	0.47

	Height SDS at enrolment
	-0.1 (-0.5, 1.0)
	0.4 (-0.5, 1.1)
	0.1 (-0.4, 0.9)
	1.4 (0.0, 1.6)
	0.17

	Weight SDS at enrolment
	-0.1 (-0.7, 0.5)
	0.3 (-0.2, 0.9)
	-0.1 (-0.6, 0.7)
	0.2 (-0.2, 1.6)
	0.10

	Season of measurement
	
	
	
	
	

	   Spring (Mar-May)
	n=21 (44%)
	n=35 (27%)
	n=6 (21%)
	n=3 (33%)
	0.35

	   Summer (Jun-Aug)
	n=12 (25%)
	n=42 (33%)
	n=8 (28%)
	n=1 (11%)
	

	   Autumn (Sep-Nov)
	n=10 (21%)
	n=27 (21%)
	n=9 (31%)
	n=2 (22%)
	

	   Winter (Dec-Feb)
	n=5 (10%)
	n=25 (19%)
	n=6 (21%)
	n=3 (33%)
	


Missing values on BMI, height and weight SDS at enrolment: n=1 (autoantibody negative); n=12 (stage 1); n=8 (stage 2); n=2 (stage 3)
Figure 1. Dot plots of fasting blood glucose by stage of type 1 diabetes in 277 samples of 167 children with multiple beta-cell autoantibodies, as well as in 48 autoantibody negative children (ABneg; one sample per child). The dashed and dotted lines indicate thresholds of fasting hypo- and hyperglycemia, respectively.
[image: image1.emf]
Table 2. Odds ratios (95% confidence intervals) of hypoglycemia by disease stage (reference: stage 1), sex, age, season of blood glucose measurement (reference: spring) and body mass index standard deviation score (BMI SDS) as derived from logistic regression models with stepwise adjustment (multiple samples per individual).

	
	Model 1
	Model 2
	Model 3
	Model 4

	Disease stage
	
	
	
	

	   Stage 2
	2.00 (0.57, 7.08)
	1.64 (0.44, 6.03)
	1.79 (0.48, 6.65)
	0.42 (0.05, 3.92)

	   Stage 3
	7.64 (1.73, 33.63)
	6.46 (1.43, 29.25)
	6.99 (1.40, 34.79)
	5.42 (0.79, 37.20)

	Female child
	
	0.55 (0.16, 1.86)
	0.54 (0.16, 1.88)
	0.53 (0.12, 2.30)

	Age (per year)
	
	0.72 (0.42, 1.21)
	0.69 (0.41, 1.17)
	0.60 (0.32, 1.11)

	Season of measurement
	
	
	
	

	   Summer
	
	
	0.33 (0.08, 1.37)
	0.24 (0.04, 1.39)

	   Autumn
	
	
	0.13 (0.01, 1.10)
	0.16 (0.02, 1.45)

	   Winter
	
	
	0.35 (0.08, 1.55)
	0.15 (0.02, 1.53)

	BMI SDS (per unit)*
	
	
	
	1.05 (0.57, 1.94)


*n=105 missing values

Figure 2. Scatterplots and LOESS estimates with corresponding 95% confidence intervals (red lines) of fasting blood glucose and blood glucose measurements at 30, 60, 90 and 120 minutes, respectively, during an oral glucose tolerance test (OGTT) in multiple autoantibody positive children (multiple samples per individual). Dashed lines indicate thresholds of pathological OGTTs.
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Figure 3. Mean blood glucose values measurements at 0, 30, 60, 90 and 120 minutes during an oral glucose tolerance test (OGTT) in multiple beta cell autoantibody positive (multAB) and autoantibody negative (ABneg) children by their fasting blood glucose (FBG) values. 
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Supplementary Figure 1. Scatterplots and LOESS estimates with corresponding 95% confidence intervals (red lines) of fasting blood glucose and blood glucose measurements at 30, 60, 90 and 120 minutes, respectively, during an oral glucose tolerance test (OGTT) in multiple autoantibody positive children (only initial samples, i.e. one sample per individual). Dashed lines indicate thresholds of pathological OGTTs.
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Supplementary Figure 2. Mean blood glucose values measurements at 0, 30, 60, 90 and 120 minutes during an oral glucose tolerance test (OGTT) in multiple beta cell autoantibody positive (multAB) who progressed to stage 2 or 3 during follow-up and autoantibody negative (ABneg) children by their fasting blood glucose (FBG) values. 
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