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Abstract: Are free carnitine concentrations on newborn screening (NBS) 48-72 h after birth lower
in patients who develop type 1 diabetes than in controls? A retrospective case-control study of
patients with type 1 diabetes was conducted. NBS results of patients from a Sydney hospital were
compared against matched controls from the same hospital (1:5). Multiple imputation was performed
for estimating missing data (gestational age) using gender and birthweight. Conditional logistic
regression was used to control for confounding and to generate parameter estimates (« = 0.05).
The Hommel approach was used for post-hoc analyses. Results are reported as medians and
interquartile ranges. A total of 159 patients were eligible (80 females). Antibodies were detectable in
86. Median age at diagnosis was 8 years. Free carnitine concentrations were lower in patients than
controls (25.50 umol/1;18.98-33.61 vs. 27.26; 21.22-34.86 respectively) (p = 0.018). Immunoreactive
trypsinogen was higher in this group (20.24 pg/L;16.15-29-52 vs. 18.71; 13.96-26.92) (p = 0.045),
which did not persist in the post-hoc analysis. Carnitine levels are lower and immunoreactive
trypsinogen might be higher, within 2-3 days of birth and years before development of type 1
diabetes as compared to controls, although the differences were well within reference ranges and
provide insight into the pathogenesis into neonatal onset of type 1 diabetes development rather than
use as a diagnostic tool. Given trypsinogen’s use for evaluation of new-onset type 1 diabetes, larger
studies are warranted.

Keywords: newborn screening; dried blood spots; type 1 diabetes; acylcarnitines; metabolic profile;

carnitine; immunoreactive trypsinogen

1. Introduction

Studies have demonstrated metabolic perturbations in patients who develop type
1 diabetes, even prior to onset of demonstrable antibodies [1,2]. These studies, while
robust, utilized cord blood, which reflects placental and maternal admixture and may
not be accurate for certain metabolic intermediates [3]. Newborn screening (NBS) is an
extremely successful global public health initiative that screens for rare inborn errors of
metabolism (IEM) soon after birth (48-72 h in New South Wales (NSW), Australia) using
dried blood spots (DBS) taken via heel-prick. The immediate neonatal period is a time
of intense catabolic activity where the neonate is adjusting from a continuous nutritional
supply delivered via the placenta to intermittent feeding, with use of brown fat stores
in-between periods of feeding making it an ideal period to test for metabolic intermediates
of fatty acid oxidation disorders (FAOD), such as short-, medium-, and long-chain acylcar-
nitines [4], some of which have been associated with diabetes development [5-9]. Multiple
studies have demonstrated the utility of analysis of pre-existing NBS results in various
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neonatal conditions [10-16], including diabetes [17-23]. Only one study has demonstrated
differences in NBS results in patients who developed type 1 diabetes [23]. We sought to
determine further detectable differences in NBS analytes in our cohort of patients with
type 1 diabetes.

2. Materials and Methods
2.1. Study Population

This was a retrospective study undertaken at Campbelltown Hospital in Sydney,
Australia. NBS results of patients with type 1 diabetes born after 1 April, 1998 (the year
mass spectrometry was included for routine NBS) of the Macarthur Diabetes and Endocrine
Services were requested from the NSW NBS Programme (NSWNBSP). NBS samples were
obtained via heel-prick, between 48 and 72 h after delivery as part of routine clinical care.
Blood was blotted into newborn screening collection paper, air-dried and mailed to the NSW
Newborn Screening Programme. Conditions screened in Australia are primary congenital
hypothyroidism, cystic fibrosis, galactosemia, and over 40 inborn errors of metabolism of
amino acids, organic acids, and fatty acids. The analyte panel includes thyrotropin (TSH),
immunoreactive trypsinogen (IRT; the immunoassay technique used does not differentiate
between trypsin, trypsinogen, and trypsin- «-1 antitrypsin complexes), galactose, 6 amino
acids, free carnitine, and 17 acyl-carnitines. Free carnitine (both a primary marker and a
marker of degradation of acylcarnitines) and its esters alter quicker in a high temperature,
high humidity environment post collection, which is why transport to the laboratory is
kept to a minimum and all filter paper cards are analysed on day of receipt. After use, all
cards are stored in accordance with Ministry of Health policy and discarded after 18 years.
For disorders detectable by tandem mass spectrometry, a shift from the derivatized to
underivatized sample preparation was implemented in 2007. The change to underivatized
methods did not significantly affect the expected proportions of carnitines and their esters.

Pragmatic ratio of 1:5 controls for the same work date, batch run and hospital of birth,
weight, sex, and gestational age as much as possible was used to minimize analytical
measurements of uncertainty. Data concerning labour, delivery, and ethnicity were not
available on the NBS samples.

This project received ethics approval (HREC reference: LNR/18/LPOOL/40) from
Sydney Southwest Research Ethics Committee.

2.2. Statistical Analysis

Categorical data were compared using chi-square testing. It was decided a priori that
the primary outcome would be free carnitine concentrations (CAR) as this had previously
been demonstrated [23]. A secondary analysis of 22 analytes to explore other associations
would then be performed (See Supplementary Table S1). Multiple imputation was used
to account for missing gestational age for 12 cases (8%). Data augmentation algorithm
in Stata (V16) MI procedure was used to generate 30 imputed data sets [24]. Parameter
estimation using conditional logistic regression on each filled-in data set was performed to
evaluate the relationship between type 1 diabetes development and each analyte, adjusting
for gestational age. Rubin’s formulae were used to combine the parameter estimates and
standard errors into a single set of results [25]. Hommel's step-up technique was used for
post-hoc analysis again using Stata (V16).

Newborn screening analytes are not normally distributed and reported as medians.
Analytes added, as the program progressed, to improve sensitivity and predictive values
were included in the analysis. Alanine is no longer part of routine NBS in Australia due to
lack of clinical utility.

3. Results

NBS results were available for 159 patients and 696 controls (54 cases were not matched
1:5). Mean gestational age was 250 vs. 274 days respectively (p < 0.001); mean birth weight
was 3.4 kg overall (p = 0.66). Median age of diagnosis was 8 [1-16] years. Eighty (50.3%)
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probands were female; 86 (54.1%) were antibody positive. Fourteen had a family history of
type 1 diabetes. Fifteen had concomitant immune disorders.

Free carnitine concentrations were significantly lower in those that went on to develop
type 1 diabetes as compared to normal controls (Table 1). These changes were well within
reference ranges and unlikely to be deemed pathological. A secondary analysis of 22 other
analytes demonstrated a statistically significant association between higher concentrations
of IRT and the development of type 1 diabetes compared to controls (Table 2). This
association was no longer significant after adjusting for multiple analysis. Both medians
were within the reference range, although a disproportionately higher number of infants in
the type 1 group (8/159; 5%) had IRT levels that triggered second-tier testing.

Table 1. Characteristics of cohort.

Type 1 Controls

N =159 N =696 p Value
Demographics
M: 80 (50.3%) M: 341 (49%)
Gender F: 79 (49.7%) F: 355 (51%) 0.95
Gestational age (days) 273(259-280) 280(272-280) 0.00
Birth weight (kg) 3.36 (3.06-3.75) 3.43(3.16-3.72) 0.66
Age at diagnosis(median) 8 years (1-16 years) -
Antibody status 86/159 (54%)
Family history 14/159 (9%)
Other immune disorders 15/159 (9%)
- missing values.
Table 2. Results of primary analysis.
NBS Analytes
. Type 1 Controls . - 95%
(Unit/Whole N =159 N = 696 Coefficient T Statistic p> It Confidence Interval
Blood)
cafrl;iet?ne 27.26 0.009 —2.37 0.018 —0.041 to —0.004
(18.98-33.61) (21.22-34.86) : : : : :
(umol/L)
18.71
IRT (ug/L) * 0.012 2.01 0.045 * 0.001 to 0.023

(16.15-29-52)

(13.96-26.92)

* This value did not reach statistical significance following Hommel step-up adjustments.

4. Discussion

It is widely accepted that type 1 diabetes is autoimmune in nature, but the metabolic
networks that precede antibody development, and their role in autoimmunity, remain
poorly understood. Most metabolomic studies in type 1 diabetes utilize cord blood, which
is reflective of placental/maternal metabolism. Infants once born no longer receive a steady
nutrient source and rely on fat and glycogen stores prior to feeding. NBS samples, collected
48-72 h after delivery via heel-prick give a closer approximation of neonatal metabolism
in a catabolic state, which is optimal for detecting FAOD. The only published study on
NBS and type 1 diabetes development before 6 years of age found significantly lower
median levels of free carnitines, and lower total mean carnitine, acylcarnitine fractions and
lower total amino acids. Our cohort also had lower free carnitine levels, but no significant
differences in acyl carnitines or amino acid levels as compared to the controls. An important
caveat is that the differences were very subtle, did not trigger second tier testing, and were
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well below concentrations that could be considered pathological. While the primary
purpose of NBS remains that of screening for rare inborn errors of metabolism, our work
has demonstrated that results from NBS may provide insight into disease pathophysiology
within known metabolic networks.

L-carnitine is well known for its role in fatty acid transport into mitochondria for
beta-oxidation. It also improves skeletal muscle glucose uptake promoting glucose use
instead of storage [26]. Inmunomodulatory, anti-apoptotic, and anti-inflammatory effects
of carnitine are known [27], and the role of acetylcarnitine (C2) in thymic regulation has
been hypothesized [23]. L-carnitine has been shown to lower markers of inflammation in
chronic disease [28]. An argument against causality of low carnitine and autoimmunity are
patients with primary carnitine deficiency (OMIM 212140) where mutations in carnitine
transporters (OCTN2) cause renal carnitine wasting. A higher incidence of autoimmune
disorders has not been described in these patients [29], although they are treated with
carnitine at diagnosis (through NBS). Promoting renal excretion of metabolic by-products
during catabolism is another possibility, given similarities in metabolic crises between type
1 diabetes and organic acidurias (hyperglycaemia and ketoacidosis, with different ketoacids
produced depending on the metabolic block). The immediate neonatal period is a crucial
time of maturation and growth of 3-cells, and another possibility is that lower values of
carnitine either may influence this process or may be a marker of disturbed growth. Low
carnitine levels have previously been demonstrated in patients already diagnosed with
type 1 diabetes [30], but this was attributed to increased urinary clearance of organic acids.
The precise reason for lower free carnitine levels soon after birth in our patients with type 1
diabetes at birth compared to controls remain unclear.

Our results also demonstrate a trend towards significance of elevated immunoreactive
trypsinogen as a group in patients who developed type 1 diabetes, with ~2.5 times as many
of these patient’s results triggering second-tier testing over the general population. Routine
protocol for IRT second-tier testing in NSW is inclusion of 2% of the population tested,
versus 5% in our type 1 cohort. Trypsinogen, the zymogen of trypsin, is secreted by the
pancreatic acinar ducts (exocrine pancreas), and rises to actionable levels in perinatal stress,
intercurrent illness, and cystic fibrosis (CF) carrier infants [31]. There is a physiologic rise
in trypsin in the first 24 h after birth on transition from placental to enteral nutrition, with
levels gradually normalizing.

While the exocrine and endocrine components of the pancreas are conventionally
treated as separate compartments within the same organ, recent data have demonstrated
lower levels of trypsinogen as a marker in antibody positive, newly diagnosed patients
with type 1 diabetes [32]. Trypsinogen is known to be reduced once the diagnosis of type 1
diabetes has been established [33]. The trend towards statistical significance of raised IRT
in our cohort warrants further study with a larger sample size. It is possible that, much
like CF where raised IRT heralds pathology, raised trypsinogen levels are detectable soon
after birth in patients who develop type 1 diabetes as compared to controls. This may be a
subtle sign of pancreatic stress that is apparent in the immediate neonatal period when fat
and glycogen stores are mobilized prior to overt beta cell dysfunction.

Our study has several limitations. All the cases are from a single centre although they
were born in different hospitals throughout New South Wales. The sample size is relatively
small and not all cases had antibodies available. The sample size was also too small to
assess any differences across type 1 diabetes endotypes [34]. Some cases had missing data
(gestational age). Nevertheless, the methods used to correct confounding for missing data
and the statistical methods used minimized the possibility of a type 1 error. An important
strength of our study is the timing of sampling. Most studies that have evaluated the
metabolome of patients who developed type 1 diabetes used cord blood, which may be
influenced by maternal and placental analytes that may act as confounders. In contrast, the
timing of sampling in NBS (48-72 h in NSW, Australia) minimizes maternal and placental
influence on analyte measurements and provides information on the neonatal metabolic
milieu as it adjusts to life ex-utero. Analytic measurements were performed by only one
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laboratory (NSW Newborn Screening Program) minimizing systematic bias associated with
varying measurements. Controls were matched to account for minimizing measurements
of analytic uncertainty, again minimizing potential for result variation. We also had a
carefully phenotyped group of patients whose ages of diagnosis varied (in contrast to the
only other study done where the age of diagnosis was 6 years and below). Importantly,
being able to evaluate these biomarkers early in life, prior to any other environmental
exposures that may influence the development of type 1 diabetes enhances the causal
inference of this study’s conclusions.

5. Conclusions

In summary, patients who developed type 1 diabetes demonstrated lower free car-
nitine concentrations. There was a trend towards statistical significance for IRT. These
concentrations may show perturbations soon after birth in patients who eventually develop
type 1 diabetes. The changes were well within normal ranges, did not trigger the need for
confirmatory testing (although IRT levels among cases had higher frequencies of second-
tier testing) and lays important groundwork for furthering understanding regarding type 1
diabetes development.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nu13103669/s1.

Author Contributions: Conceptualization, ].EG.L.E. and V.C.W.; methodology, ] EG.L.E., V.C.W.
and D.S. formal analysis, ].F.G.L.E. under supervision of V.C.W. and D.S. writing—original draft
preparation, J.F.G.L.E.; writing—review and editing, V.C.W. and D.S.; supervision, V.C.W. and D.S.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This project received ethics approval (HREC reference:
LNR/18/LPOOL/40).

Informed Consent Statement: Patient consent was waived due to impracticability, as some patients
were no longer being assessed by the service. This study forms part of a clinical audit undertaken to
evaluate the transitional care and young adult clinic in Campbelltown Hospital.

Data Availability Statement: Data will be made available upon request.

Acknowledgments: We thank Ricardo Maldonado of Power Stats for his aid in performing multiple
imputations and conditional logistic regression.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Lamichhane, S.; Kemppainen, E.; Trost, K.; Siljander, H.; Hy6ty, H.; Ilonen, J.; Toppari, J.; Veijola, R.; Hyo6tyldinen, T.; Knip, M.; et al.
Circulating metabolites in progression to islet autoimmunity and type 1 diabetes. Diabetologia 2019, 62, 2287-2297. [CrossRef]
[PubMed]

Oresi¢, M,; Simell, S.; Sysi-Aho, M.; Nanto-Salonen, K.; Seppéanen-Laakso, T.; Parikka, V.; Katajamaa, M.; Hekkala, A.; Mattila, I.;
Keskinen, P; et al. Dysregulation of lipid and amino acid metabolism precedes islet autoimmunity in children who later progress
to type 1 diabetes. J. Exp. Med. 2008, 205, 2975-2984. [CrossRef]

Walter, ].H.; Patterson, A.; Till, J.; Besley, G.T.N.; Fleming, G.; Henderson, M.]. Bloodspot acylcarnitine and amino acid analysis in
cord blood samples: Efficacy and reference data from a large cohort study. J. Inherit. Metab. Dis. 2009, 32, 95-101. [CrossRef]
[PubMed]

Wilcken, B.; Wiley, V. Newborn screening. Pathology 2008, 40, 104-115. [CrossRef]

Cetin, L; de Santis, M.S.N.; Taricco, E.; Radaelli, T.; Teng, C.; Ronzoni, S. Maternal and fetal amino acid concentrations in nor-mal
pregnancies and in pregnancies with gestational diabetes mellitus. Am. J. Obstet. Gynecol. 2005, 192, 610-617. [CrossRef]

Mai, M.; Toénjes, A.; Kovacs, P.; Stumvoll, M.; Fiedler, G.M.; Leichtle, A.B. Serum Levels of Acylcarnitines Are Altered in
Prediabetic Conditions. PLoS ONE 2013, 8, €82459. [CrossRef]

Sun, L,; Liang, L.; Gao, X.; Zhang, H.; Yao, P.; Hu, Y,; Ma, Y.; Wang, F; Jin, Q.; Li, H.; et al. Early Prediction of Developing Type 2
Diabetes by Plasma Acylcarnitines: A Population-Based Study. Diabetes Care 2016, 39, 1563-1570. [CrossRef]

Nevalainen, J.; Sairanen, M.; Appelblom, H. First-Trimester Maternal Serum Amino Acids and Acylcarnitines Are Signif-icant
Predictors of Gestational Diabetes. Rev. Diabet Stud. Winter 2016, 13, 236-245. [CrossRef]


https://www.mdpi.com/article/10.3390/nu13103669/s1
https://www.mdpi.com/article/10.3390/nu13103669/s1
http://doi.org/10.1007/s00125-019-04980-0
http://www.ncbi.nlm.nih.gov/pubmed/31444528
http://doi.org/10.1084/jem.20081800
http://doi.org/10.1007/s10545-008-1047-y
http://www.ncbi.nlm.nih.gov/pubmed/19191006
http://doi.org/10.1080/00313020701813743
http://doi.org/10.1016/j.ajog.2004.08.011
http://doi.org/10.1371/journal.pone.0082459
http://doi.org/10.2337/dc16-0232
http://doi.org/10.1900/RDS.2016.13.236

Nutrients 2021, 13, 3669 60f6

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

Anderson, S.G.; Dunn, W.B.; Banerjee, M.; Brown, M.; Broadhurst, D.I.; Goodacre, R.; Cooper, G.J.S.; Kell, D.B.; Cruickshank, ].K.
Evidence That Multiple Defects in Lipid Regulation Occur before Hyperglycemia during the Prodrome of Type-2 Diabetes. PLoS
ONE 2014, 9, €103217. [CrossRef]

Fell, D.B.; Hawken, S.; Wong, C.A.; Wilson, L.A.; Murphy, M.S.Q.; Chakraborty, P.; Lacaze-Masmonteil, T.; Potter, B.K.; Wilson, K.
Using newborn screening analytes to identi-fy cases of neonatal sepsis. Sci. Rep. 2017, 7, 18020. [CrossRef]

Wilson, K.; Hawken, S.; Potter, B.K.; Chakraborty, P.; Walker, M.; Ducharme, R.; Little, ]. Accurate prediction of gestational age
using newborn screening analyte data. Am. J. Obstet. Gynecol. 2016, 214, 513.e1-513.€9. [CrossRef] [PubMed]

Sylvester, K.G.; Kastenberg, Z.].; Moss, R.L.; Enns, G.M.; Cowan, T.M.; Shaw, G.M. Acylcarnitine Profiles Reflect Metabolic
Vul-nerability for Necrotizing Enterocolitis in Newborns Born Premature. J. Pediatr. 2017, 181, 80-85.e1. [CrossRef] [PubMed]
Horgan, R.P.; Broadhurst, D.I.; Walsh, S.K.; Dunn, W.B.; Brown, M.; Roberts, C.T.; North, R.A.; McCowan, L.M.; Kell, D.B.;
Baker, P.N.; et al. Metabolic Profiling Uncovers a Phenotypic Signature of Small for Gestational Age in Early Pregnancy. J. Proteome
Res. 2011, 10, 3660-3673. [CrossRef] [PubMed]

Ryckman, K.K.; Berberich, S.L.; Dagle, ]. M. Predicting gestational age using neonatal metabolic markers. Am. J. Obstet. Gynecol.
2016, 214, 515.e1-515.e13. [CrossRef] [PubMed]

Jelliffe-Pawlowski, L.L.; Norton, MLE.; Baer, R.J.; Santos, N.; Rutherford, G.W. Gestational dating by metabolic profile at birth: A
California cohort study. Am. J. Obstet. Gynecol. 2016, 214, 511.e1-511.e13. [CrossRef]

Rusconi, B.; Warner, B.B. The Hidden Treasure of Neonatal Screening: Identifying New Risk Factors and Possible Mechanisms of
Necrotizing Enterocolitis Through Big Data. ]. Pediatr. 2016, 181, 9-11. [CrossRef]

Kyvsgaard, ].N.; Overgaard, A.J.; Thorsen, S.U.; Hansen, T.H.; Pipper, C.B.; Mortensen, H.B.; Pociot, F,; Svensson, J. High Neonatal
Blood Iron Content Is Associated with the Risk of Childhood Type 1 Diabetes Mellitus. Nutrients 2017, 9, 1221. [CrossRef]
McDonald, T.J.; Besser, R.E.; Perry, M.; Babiker, T.; Knight, B.A.; Shepherd, M.H.; Ellard, S.; Flanagan, S.; Hattersley, A. Screening
for neonatal diabetes at day 5 of life using dried blood spot glucose measurement. Diabetologia 2017, 60, 2168-2173. [CrossRef]
Cadario, F,; Savastio, S.; Pagliardini, V.; Bagnati, M.; Vidali, M.; Cerutti, F; Rabbone, I.; Fontana, F.; Valori, A.; Gabriella, G.; et al.
Vitamin D levels at birth and risk of type 1 dia-betes in childhood: A case—control study. Acta Diabetol. 2015, 52, 1077-1081.
[CrossRef]

Jacobsen, R.; Thorsen, S.U.; Cohen, A.S.; Lundqvist, M.; Frederiksen, P,; Pipper, C.B. Neonatal vitamin D status is not associat-ed with
later risk of type 1 diabetes: Results from two large Danish population-based studies. Diabetologia 2016, 59, 1871-1881. [CrossRef]
Kyvsgaard, ].N.; Overgaard, A.].; Jacobsen, L.D.; Thorsen, S.U.; Pipper, C.B.; Hansen, T.H. Low perinatal zinc status is not
associ-ated with the risk of type 1 diabetes in children. Pediatric Diabetes 2017, 18, 637-642. [CrossRef]

Sanchez-Pintos, P.; De Castro, M.-].; Roca, L; Rite, S.; Lopez, M.; Couce, M.L. Similarities between acylcarnitine profiles in large
for gestational age newborns and obesity. Sci. Rep. 2017, 7, 1-9. [CrossRef]

La Marca, G.; Malvagia, S.; Toni, S.; Piccini, B.; Di Ciommo, V.; Bottazzo, G.F. Children who develop type 1 diabetes early in life
show low levels of carnitine and amino acids at birth: Does this finding shed light on the etiopathogenesis of the disease? Nutr.
Diabetes 2013, 3, €94. [CrossRef] [PubMed]

Graham, J.W.; Olchowski, A E.; Gilreath, T.D. How many imputations are really needed? Some practical clarifi-cations of multiple
imputation theory. Prev. Sci. 2007, 8, 206-213. [CrossRef]

Rubin, D.B. Multiple Imputation for Nonresponse in Surveys; Wiley: Hoboken, NJ, USA, 1987.

Bene, J.; Hadzsiev, K.; Melegh, B. Role of carnitine and its derivatives in the development and management of type 2 diabetes.
Nutr. Diabetes 2018, 8, 1-10. [CrossRef]

Fortin, G.; Yurchenko, K.; Collette, C.; Rubio, M.; Villani, A.-C.; Bitton, A.; Sarfati, M.; Franchimont, D. L-carnitine, a diet
component and organic cation transporter OCTN ligand, displays immunosuppressive properties and abrogates intestinal
inflammation. Clin. Exp. Immunol. 2009, 156, 161-171. [CrossRef]

Haghighatdoost, F; Jabbari, M.; Hariri, M. The effect of L-carnitine on inflammatory mediators: A systematic review and
meta-analysis of randomized clinical trials. Eur. J. Clin. Pharmacol. 2019, 75, 1037-1046. [CrossRef]

El-Hattab, A.W. Systemic Primary Carnitine Deficiency. In GeneReviews® [Internet]; Adam, M.P,, Ardinger, H.H., Pagon, R.A.,
Wallace, S.E., Eds.; University of Washington: Seattle, WA, USA, 2012; pp. 1993-2020. Available online: https://www.ncbi.nlm.
nih.gov/books/NBK84551/ (accessed on 17 October 2021).

Winter, S.C.; Simon, M.; Zorn, E.M.; Szabo-Aczel, S.; Vance, W.H.; O’'Hara, T. Linda Higashi Relative Carnitine Insufficiency in
Children With Type I Diabetes Mellitus. Am. J. Dis. Child. 1989, 143, 1337-1339. [PubMed]

Massie, J.; Curnow, L.; Tzanakos, N.; Francis, I.; Robertson, C.F. Markedly elevated neonatal immunoreactive trypsinogen levels in the
absence of cystic fibrosis gene mutations is not an indication for further testing. Arch. Dis. Child. 2006, 91, 222-225. [CrossRef]

Ross, ].J.; Wasserfall, C.H.; Bacher, R.; Perry, D.J.; McGrail, K.; Posgai, A.L.; Dong, X.; Muir, A.; Li, X.; Campbell-Thompson, M.; et al.
Exocrine Pancreatic Enzymes Are a Serological Biomarker for Type 1 Diabetes Staging and Pancreas Size. Diabetes 2021, 70, 944-954.
[CrossRef] [PubMed]

Li, X.; Campbell-Thompson, M.; Wasserfall, C.H.; McGrail, K.; Posgai, A.; Schultz, A.R.; Brusko, T.M.; Shuster, J.; Liang, E;
Muir, A.; et al. Serum Trypsinogen Levels in Type 1 Diabetes. Diabetes Care 2017, 40, 577-582. [CrossRef] [PubMed]

Leete, P.; TIGI Study Team; Oram, R.A.; McDonald, T.J.; Shields, B.M.; Ziller, C.; Hattersley, A.T.; Richardson, S.J.; Morgan, N.G.
Studies of insulin and proinsulin in pancreas and serum support the existence of aetiopathological endotypes of type 1 diabetes
associated with age at diagnosis. Diabetologia 2020, 63, 1258-1267. [CrossRef] [PubMed]


http://doi.org/10.1371/journal.pone.0103217
http://doi.org/10.1038/s41598-017-18371-1
http://doi.org/10.1016/j.ajog.2015.10.017
http://www.ncbi.nlm.nih.gov/pubmed/26519781
http://doi.org/10.1016/j.jpeds.2016.10.019
http://www.ncbi.nlm.nih.gov/pubmed/27836286
http://doi.org/10.1021/pr2002897
http://www.ncbi.nlm.nih.gov/pubmed/21671558
http://doi.org/10.1016/j.ajog.2015.11.028
http://www.ncbi.nlm.nih.gov/pubmed/26645954
http://doi.org/10.1016/j.ajog.2015.11.029
http://doi.org/10.1016/j.jpeds.2016.11.028
http://doi.org/10.3390/nu9111221
http://doi.org/10.1007/s00125-017-4383-3
http://doi.org/10.1007/s00592-015-0772-6
http://doi.org/10.1007/s00125-016-4002-8
http://doi.org/10.1111/pedi.12476
http://doi.org/10.1038/s41598-017-15809-4
http://doi.org/10.1038/nutd.2013.33
http://www.ncbi.nlm.nih.gov/pubmed/24166423
http://doi.org/10.1007/s11121-007-0070-9
http://doi.org/10.1038/s41387-018-0017-1
http://doi.org/10.1111/j.1365-2249.2009.03879.x
http://doi.org/10.1007/s00228-019-02666-5
https://www.ncbi.nlm.nih.gov/books/NBK84551/
https://www.ncbi.nlm.nih.gov/books/NBK84551/
http://www.ncbi.nlm.nih.gov/pubmed/2816861
http://doi.org/10.1136/adc.2005.081349
http://doi.org/10.2337/db20-0995
http://www.ncbi.nlm.nih.gov/pubmed/33441381
http://doi.org/10.2337/dc16-1774
http://www.ncbi.nlm.nih.gov/pubmed/28115475
http://doi.org/10.1007/s00125-020-05115-6
http://www.ncbi.nlm.nih.gov/pubmed/32172310

	Introduction 
	Materials and Methods 
	Study Population 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

