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Abstract:  

Aim: We aimed to monitor pancreatic exocrine function longitudinally in relation to the 

development of islet autoimmunity and type 1 diabetes in at-risk children with a first-degree 

relative with type 1 diabetes, who were followed prospectively in the Environmental 

Determinants of Islet Autoimmunity (ENDIA) study.  

 

Methods: Fecal elastase-1 (FE-1) concentration was measured longitudinally in 85 ENDIA 

children from median age 1.0 (IQR 0.7,1.3) years. Twenty-eight of 85 children (progressors) 

developed persistent islet autoantibodies at median age of 1.5 (IQR 1.1,2.5) years, of whom 

11 went on to develop clinical diabetes. The other 57 islet autoantibody-negative children 

(non-progressors) followed similarly were age and gender-matched with the progressors. An 

adjusted linear mixed model compared FE-1 concentrations in progressors and non-

progressors.  

 

Results: Baseline FE-1 did not differ between progressors and non-progressors, or by HLA DR 

type or proband status. FE-1 decreased over time in progressors in comparison to non-

progressors (Wald statistic 5.46, p=0.02); in some progressors the fall in FE-1 preceded the 

onset of islet autoimmunity.  

 

Conclusions: Pancreatic exocrine function decreases in the majority of young at-risk children 

who progress to islet autoimmunity and type 1 diabetes.  

 

Keywords:  

children, exocrine pancreas, islet autoimmunity, type 1 diabetes, fecal elastase  
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Introduction: 

The exocrine pancreas is known to be altered in the pathophysiology of type 1 diabetes (T1D). 

Subclinical exocrine dysfunction was detected in T1D as early as 1943 (1), with numerous 

confirmations in all age groups (2-5). The exocrine pancreas comprises greater than 95% of 

the pancreas volume and magnetic resonance imaging shows that the volume decreases 

stepwise from healthy controls, to first-degree relatives, to first-degree relatives with islet 

autoimmunity (IA), to individuals with recent-onset T1D and those with longer duration T1D 

(6, 7). Furthermore, immune cell infiltrates are seen in the exocrine pancreas of organ donors 

with T1D or IA (8).  

 

Studies of pancreas volume and exocrine function are cross-sectional therefore their temporal 

relationship with progression to IA and T1D is unknown. Cross-sectionally, young Finnish 

children with IA had normal exocrine function, as measured by fecal elastase (3), in contrast 

to reports of smaller pancreatic volume and modestly lower serum trypsinogen levels in older 

children and adults with multiple islet autoantibodies (4). Given the heterogeneity of 

progression to T1D, only longitudinal studies can inform as to when measures of exocrine 

function change in relation to the development of IA and T1D, and whether exocrine function 

could be used as a predictive biomarker for stratification and selection of subjects into 

prevention trials.  

 

Fecal elastase is a robust, non-invasive marker of pancreatic exocrine function. The enzyme is 

stable with minimal degradation during bowel transit over approximately 48 hours. Fecal 

elastase levels correlate well with the output of pancreatic elastase and do not vary in relation 

to daily food intake. A recent meta-analysis revealed high sensitivity and specificity of fecal 

elastase in comparison with fecal fat excretion in children (9).  

 

We aimed to characterise pancreatic exocrine function longitudinally in relation to the 

development of IA and T1D in at-risk children participating in the Australia-wide prospective 

This article is protected by copyright. All rights reserved.
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Environmental Determinants of Islet Autoimmunity (ENDIA; ACTRN1261300794707) study 

(10). ENDIA follows children with a first-degree relative with T1D from the pregnancy. Follow-

up is three-monthly until age two, then six-monthly thereafter until the development of T1D. 

Recruitment of 1500 mother-infant dyads was completed in December 2019. We 

hypothesised that pancreatic exocrine function would decrease in children after the onset of 

IA.  

 

Methods: 

Participants 

Fecal elastase-1 (FE-1) was measured in 247 stool samples from 85 ENDIA children (41:44 

male:female; 28 progressors, 57 non-progressors; Table 1) followed from a median age of 1.0 

(IQR 0.7,1.3) years for 1.2 (IQR 0.7,2.0) years and with a median of three samples (IQR 2,4). 

Progressors were the first 28 children who developed persistent IA defined as one or more 

islet autoantibodies (Ab) to insulin (I), glutamic acid decarboxylase 65,000 Mr isoform (GAD), 

tyrosine phosphatase-related islet antigen 2 (IA-2) and zinc transporter 8 (ZnT8), measured on 

at least two consecutive occasions at three-monthly intervals. Of these 28 children, at the last 

point of follow-up, six had a persistent single islet autoantibody, 11 had multiple islet 

autoantibodies, and 11 had developed T1D. Of the six with a persistent single islet 

autoantibody, five had IAb and were HLA DR4X. Screening for T1D was three-monthly by 

measuring blood glucose after food as defined by the American Diabetes Association. No 

further visits occurred post-T1D diagnosis. Median age at IA seroconversion was 1.5 (IQR 

1.1,2.5) years and T1D diagnosis was at 2.4 (IQR 1.5,2.5) years. Non-progressors were 57 islet 

autoantibody-negative age and gender-matched children followed at the same time intervals 

as their matched progressors. No participants were lost to follow-up. Median age of the total 

ENDIA cohort at the time of the analysis (October 2019) was 2.3 years.  

 

Laboratory assays  

This article is protected by copyright. All rights reserved.
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FE-1 was measured by ELISA (ScheBo Biotech AG; normal range >200μg/g; interassay CV 

10.8%). Islet autoantibodies were measured three-monthly; IAb by radiobinding assay and 

GADAb, IA-2Ab and ZnT8Ab by the 3-Screen ICA ELISA (RSR Ltd, Cardiff). Positive 3-Screen 

assays were subjected to individual ELISAs for GADAb, IA-2Ab and ZnT8Ab for confirmation. 

The assays had 98%, 97%, 100% and 94% specificity, and 28%, 78%, 60% and 72% sensitivity 

for IAb, GADAb, IA-2Ab and ZnT8Ab respectively, in the 2018 Islet Autoantibody 

Standardization Program (University of Florida).  

 

Biostatistics  

We compared the predicted slopes of regression lines across time for participants in a linear 

mixed model fitted to determine whether FE-1 changed differentially over time in progressors 

and non-progressors, in which time was centred by age at seroconversion (in four children IA 

was detected for the first time at the diagnosis of T1D). Analysis was performed using R 

(v3.6.3) and packages ‘predictmeans’ (v1.0.2) and ‘lme4’ (v1.1.21). The model included the 

interaction between status (progressor versus non-progressor) and time, and was adjusted 

for the potential confounders of gender, age at seroconversion and birthweight. Each 

progressor had up to three age and gender-matched non-progressors that together formed a 

nest or matched group. The analysis included a random intercept term for nest with 28 levels 

each representing a matched group within the data set. The inclusion of this term reflects an 

adjustment for variation in FE-1 levels between the different nests. Log transformation was 

used to meet model assumptions. A post hoc sensitivity analysis was performed after 

removing the two points at which FE-1 increased steeply in two non-progressors at the end 

of the study (Figure 1A). 

 

Results: 

Progressors had a decrease in FE-1 over time in comparison to non-progressors (Wald statistic 

5.46, p=0.02; unadjusted analysis Wald statistics 5.71, p=0.02), Figure 1B. These findings did 

not alter significantly after the removal of the two outlying points at which time FE-1 

This article is protected by copyright. All rights reserved.
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increased steeply to greater than 7500µg/g in two non-progressors (Wald statistic 4.85, 

p=0.03), Figure 1A. In the six-month windows before and after IA seroconversion, FE-1 

increased by 109μg/g from a predicted mean of 1574 (95% CI 1418,1747) to 1683 (1514,1871) 

µg/g in non-progressors, but decreased by 95μg/g from a predicted mean of 1676 (95% CI 

1479,1899) to 1581 (1397,1790) µg/g in progressors. FE-1 decreased in 8/28 progressors 

between at least two measurements before IA seroconversion. No child had FE-1 

concentrations below the lower threshold of 200μg/g for the normal range; concentrations 

ranged from 229-9150μg/g. Baseline FE-1 (at first data collection point) did not differ 

according to status (progressor/non-progressor), HLA DR type (DR3,4; DR3,X or 4X; DRX,X), 

gender, or whether the mother had T1D (42/85 participants).  

 

Discussion: 

We report for the first time a decrease in pancreatic exocrine function in young at-risk children 

who progressed to IA or T1D and in some, from before the time of IA. In contrast, exocrine 

function continued to rise overall in the non-progressors during the first two years of life, 

consistent with normal ontogeny (11).  

 

The possibility that children who develop T1D have a smaller pancreas from birth is not 

supported by our finding that baseline FE-1 in the first year of life was similar in progressors 

and non-progressors. This must be qualified, however, by the fact that all children were first-

degree relatives of individuals with T1D who could have a smaller pancreatic volume even in 

the absence of IA (6). The decrease in pancreatic volume and exocrine function before the 

onset of clinical T1D has been attributed to the lack of an insulin-trophic effect on the acinar 

cells as beta cells are destroyed (12). However, this may not be the complete explanation 

because we found a decrease in FE-1 before and around the time of seroconversion. While 

beta cell dysfunction can exist more than 5 years before the onset of type 1 diabetes (13) it 

has not been demonstrated before the development of IA. The presence of an immune cell 

infiltrate in the exocrine pancreas (8) suggests that the decrease in pancreatic volume and 

This article is protected by copyright. All rights reserved.



10 
 

exocrine function is likely to be a reflection of pancreas-wide pathology leading to loss of 

pancreatic beta cells (14). 

 

The limitation of our study is the relatively small number of progressors. Even so, the number 

is greater than previously reported and the ENDIA children were sampled frequently. 

Previously, exocrine function was documented in only three children who developed IA (3). 

Even cross-sectional analyses of pancreas volume and exocrine function is limited in this very 

young age group at high risk of progression to T1D (2, 3). Progressors included children who 

had developed both single and multiple autoantibodies as well as children who had 

progressed to T1D. Cross-sectionally serum trypsinogen was lower in adolescents and young 

adults with multiple, but not single, islet autoantibodies (4). However, a persistent single islet 

autoantibody in the first two years of life, especially IAb, confers a considerably higher risk of 

progression to multiple autoantibodies and T1D than in adolescents and young adults (15). 

 

We conclude that pancreatic exocrine function decreases, within the normal range, at 

different stages of the progression to IA and T1D in very young at-risk children. Nevertheless, 

the high variability in FE-1 concentrations, the normal increase in FE-1 during the first years of 

life, a lack of features distinguishing progressors in whom FE-1 did or did not decrease, and 

the rapid progression to diabetes in this age group may all limit the role of FE-1 as a biomarker 

for progression to T1D in early life. 
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Table 1. Characteristics of the 85 children with longitudinal FE-1 measurements. Islet 

autoantibody abbreviations: IAb=insulin, GADAb=glutamic acid decarboxylase 65,000 Mr 

isoform, IA-2Ab=tyrosine phosphatase-related islet antigen 2, ZnT8Ab=zinc transporter 8. 

Group 
(n; 
male:female) 

Status (n) Median 
sampling 
age in 
years 

First appearing islet 
autoantibody (n) 

HLA (n) 

Progressors 
(28; 14:14)  

Persistent 
single IA (6)  

2.3 IAb (5)  
GADAb (1) 

DR3,4 (1) 
DR3,X or 4,X 
(4) 
Unknown (1) 

Persistent 
multiple IA 
(11) 

2.1 IAb + GADAb + ZnT8Ab (1) 
IAb + GADAb (3) 
IAb + ZnT8Ab (2) 
IAb (1) 
GADAb (3) 
ZnT8Ab (1) 

DR3,4 (4) 
DR3,X or 4,X 
(4) 
DRX,X (2) 
Unknown (1) 

Progression 
to type 1 
diabetes (11) 

1.4 IAb + GADAb + IA-2Ab + 
ZnT8Ab (1) 
IAb + GADAb + IA-2Ab (1) 
IAb + GADAb (2) 
IAb + IA-2Ab (1) 
GADAb + IA-2Ab (1) 
IAb (5) 

DR3,4 (5) 
DR3,X or 4,X 
(3) 
DRX,X (1) 
Unknown (2) 

Non- 
Progressors 
(57; 27:30)  

Islet 
autoantibody- 
negative (57) 

1.8 - DR3,4 (11) 
DR3,X or 4,X 
(30) 
DRX,X (14) 
Unknown (2) 
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Figure 1. (A) FE-1 concentrations in the 28 progressors and 57 age and gender-matched non-

progressors plotted for each participant against time (months) before and after IA 

seroconversion. Progressors include those progressing to a single islet autoantibody (n=6 as 

shown by green lines), multiple islet autoantibodies (n=11 blue lines) or T1D (n=11 purple 

lines, in 4/11 of whom IA was detected for the first time at T1D diagnosis). Each line represents 

one participant. The starred lines represent the participants who were removed before the 

post hoc sensitivity analysis. (B) FE-1 concentrations after log transformation in the 28 

progressors and 57 age and gender-matched non-progressors. The estimated slope and 95% 

confidence intervals of the linear model are shown. Progressors include those progressing to 

a single islet autoantibody (n=6 as shown by green dots), multiple IA (n=11 blue dots) or T1D 

(n=11 purple dots). FE-1 decreased in progressors in comparison with non-progressors (Wald 

statistic 5.46, p=0.02). 
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