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Hyperglycemia is a common manifestation in the course of severe disease and is

the result of acute metabolic and hormonal changes associated with various factors

such as trauma, stress, surgery, or infection. Numerous studies demonstrate the

association of adverse clinical events with stress hyperglycemia. This article briefly

describes the pathophysiological mechanisms which lead to hyperglycemia under

stressful circumstances particularly in the pediatric and adolescent population. The

importance of prevention of hyperglycemia, especially for children, is emphasized and

the existing models for the prediction of diabetes are presented. The available studies

on the association between stress hyperglycemia and progress to type 1 diabetes

mellitus are presented, implying a possible role for stress hyperglycemia as part of

a broader prognostic model for the prediction and prevention of overt disease in

susceptible patients.
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Introduction
The term stress hyperglycemia (SH) refers to a transient increase in plasma glucose levels (usually
above 150 mg/dl) during acute illness or physical or psychological stress, which subsides when the
stressful condition resolves (1). Specifically, according to the latest American Diabetes Association
and American Association of Clinical Endocrinologists consensus, stress hyperglycemia is defined
as any transient inpatient plasma glucose levels > 140 mg/dl (fasting plasma glucose of >126
mg/dl or random plasma glucose> 200mg/dl) without evidence of previous diabetes (2). Common
causes in children include febrile infections and seizures, trauma, cardiac surgery and burns, and its
incidence in the pediatric population admitted to the hospital is quite remarkable. Almost 3.8-5%
of non-diabetic children presenting to the emergency department have glucose levels >150 mg/dl,
while about 20-35% of critically ill children surpass the cut-off point of 200 mg/dl in the intensive
care unit (ICU) (3). In most patients, hyperglycemia is mild to moderate, with blood glucose
concentrations ranging between 150 and 299 mg/dl, however, values of 300 mg/dl or higher have
also been reported in smaller cohorts, especially in the ICU setting.
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Stress hyperglycemia is considered a normal metabolic
response to acute stress (4). It develops through complex
pathophysiologic pathways, where counter-regulatory hormones
such as cortisol, catecholamines, glucagon, and proinflammatory
cytokines stimulate glycogenolysis and gluconeogenesis, leading
to increased hepatic glucose output and peripheral insulin
resistance. Although this condition was initially considered
a protective homeostatic response, studies both in children
and adults have associated stress hyperglycemia with adverse
clinical outcomes and complications (1). In children, a
cardinal question has been whether transient hyperglycemia
may represent the earliest clinical sign of impaired β-cell
function. In the last decades, much has been learned about
the pathogenesis and natural history of type 1 diabetes
mellitus (T1DM) (5). Substantial research has been conducted
to elucidate not only the genetic markers which indicate
children at greatest risk, but also environmental factors,
perinatal conditions, family history, and other variables which
could accelerate or trigger the occurrence of T1DM and,
therefore, can be used for prediction and prevention of
the disease (6). In this review, the main pathophysiological
pathways through which stress hyperglycemia develops will be
described, along with the main causes in pediatric patients.
Then, we discuss in brief the factors which are currently
used for prediction of T1DM, and we present the main
studies on the association of stress hyperglycemia with T1DM
and its possible role as a predictive factor in children
and adolescents.

Literature Search Strategy
The studies selected for this review were identified using the
PubMed, Scopus, and Web of Science electronic databases.
We searched for scientific literature published in English up
to January 2021. Combinations of the following search terms
were applied: “stress hyperglycemia,” “acute hyperglycemia,”
“stress hyperglycemia and type 1 diabetes mellitus,” “pediatric
hyperglycemia,” “type 1 diabetes screening,” “type 1 diabetes
prediction.” Additional references were retrieved from reviewing
the references cited in the original articles.

Stress Hyperglycemia: Mechanisms
and Causes
Pathophysiology of Stress Hyperglycemia
During stressful conditions, glucose homeostasis is disrupted
both in terms of glucose metabolism and insulin sensitivity
and secretion (Figure 1). The stress response is mediated by

Abbreviations: ADA, American Diabetes Association; AGE, advanced glycation
end product; BMI, body mass index; FPIR, first-phase insulin response;
GAD-65, glutamic acid decarboxylase; GH, growth hormone; GLUT, glucose
transporter protein; HLA, human leukocyte antigen; HOMA-IR, Homeostatic
Model Assessment for Insulin Resistance; HPA, hypothalamic-pituitary-adrenal;
IA-2A, protein tyrosine phosphatase antibodies; IAA, insulin autoantibodies; ICU,
intensive care unit; IGF-1, insulin-like growth factor-1; IL-1, interleukin 1; IL-6,
interleukin 6; IVGTT, intravenous glucose tolerance test; MODY, maturity-onset
diabetes of the young; OGTT, oral glucose tolerance test; PKC, protein kinase C;
ROS, reactive oxygen species; SH, stress hyperglycemia; T1DM, type 1 diabetes
mellitus; T2DM, type 2 diabetes mellitus; TNF-α, tumor necrosis factor α; ZnT8,
zinc transporter 8.

the sympathoadrenal system and the hypothalamic—pituitary—
adrenal (HPA) axis (4). The vast increase in counter-regulatory
hormones such as catecholamines, growth hormone, cortisol,
epinephrine, norepinephrine, and glucagon lead to increased
glycogenolysis and gluconeogenesis in a non-insulin-dependent
manner. The enhanced muscle degradation due to increased
production of growth hormone (GH) and decreased production
of insulin-like growth factor-1 (IGF-1) provides liver with
alanine to sustain continued gluconeogenesis (7), which is also
supported by the kidneys under the effect of catecholamines
to a magnitude of even 40% of total glucose production (8).
Glucagon, cortisol, and epinephrine are mainly responsible for
hepatic insulin resistance, while peripheral insulin resistance
is attributed to the derangement of the insulin-signaling
pathway in muscles and adipose tissue (9). In addition, reduced
skeletal muscle glycogen synthesis leads to impaired non-
oxidative glucose disposal (1). Stress hormones decrease the
translocation of glucose transporter protein 4 (GLUT-4) to the
cell membrane, thus diminishing glucose cellular uptake, and a
similar result is exerted by proinflammatory cytokines, mainly
interleukin 1 (IL-1), interleukin 6 (IL-6), and tumor necrosis
factor α (TNF-α) (10, 11). This diminished insulin-mediated
glucose uptake, however, is accompanied by an increase in
the whole-body glucose uptake due to the cytokine-mediated
upregulation of GLUT-1. Finally, GH and catecholamines induce
lipolysis, with the high amounts of circulating free fatty acids
contributing to insulin resistance by disrupting insulin signaling
and glycogen synthase.

Stress Hyperglycemia in Pediatric Patients
Stress hyperglycemia has been associated with various diseases
in the emergency department. Febrile seizures are among
the most commonly reported conditions. In a large study
on 1,199 children by Valerio et al., stress hyperglycemia was
reported with a three times higher frequency in children with
febrile seizures than in other febrile conditions and a five
times higher frequency than in seizures without fever (12.9
vs. 4% and 2.4%, respectively) (12). Similarly, in a study
by Costea et al. (13), the prevalence of SH among children
with febrile seizures was 16.9%, and a positive correlation
between SH and duration of the seizure (>15min), recurrence
of the seizure and fever ≥39.5◦C was demonstrated, and
similar results were demonstrated by Lee et al. (14). On
the other hand, in a retrospective study by Levmore-Tamir
et al., where 1,245 children with SH were enrolled, the
major conditions associated with SH were respiratory (37.8%),
neurologic (14.8), and gastrointestinal diseases (14.1%), with
trauma and cardiac diseases following (15). Inhaled beta-
adrenergic stimulants, which are commonly prescribed in
respiratory tract infections, have long been known to cause
SH by enhancing gluconeogenesis and glycogenolysis through
stimulation of the β2-receptor, especially in the first 2 h after
administration (16), and a similar correlation has been found
during the administration of adrenaline in children with
wheezing (15). Finally, acute diarrhea due to infectious agents
such as E. Coli and Vibrio Cholerae has long been related to
stress hyperglycemia, with its prevalence ranging from 9.4 to
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FIGURE 1 | The main mechanisms leading to stress hyperglycemia. Reduced GLUT-4-mediated glucose transport in liver, muscle, and adipose tissue leads to

derangement of the insulin-signaling pathway and reduced glucose uptake, while glucose production is upregulated mainly via enhanced gluconeogenesis. GH,

growth hormone; TNF-α, tumor necrosis factor α; GLUT-4, glucose transporter protein 4.

even 20% in some reports, as a result of a stress response to
hypovolemia (17).

Unlike the emergency department, SH in the ICU occurs
mainly due to iatrogenic interventions. Mechanical ventilation
is a well-known risk factor for SH as a result of a pulmonary
and systemic inflammatory response, with its prevalence
ranging between 60 and 89% in different studies (15, 18).
Vasoconstrictors and inotropic agents such as epinephrine,
norepinephrine, and dopamine, along with glucocorticoids, are
among the most common medications which are associated
with SH, enhancing glycogenolysis, gluconeogenesis, and insulin
resistance (19, 20). The excess of glucose administration,
either via dialysate solutions used in peritoneal dialysis or
in the form of parenteral nutrition and intravenous glucose
solutions often results in SH, and recent policies suggest the
administration of low-calorie parenteral nutrition as a preventive
measure (21). Lastly, cardiac surgery has been associated with
SH to an incidence that may even exceed 50% in different
reports (22, 23).

Type 1 Diabetes Mellitus: Prediction
Models and the Association With
Stress Hyperglycemia
Prediction of T1DM: Current Notions and Prospects
Type 1 diabetes mellitus is a chronic disease where the
combination of genetic predisposition and environmental factors
induce β-cell autoimmunity, which leads to insulin depletion.
During the recent decades, a primary research target has been the
creation of predictive models which would incorporate genetic
and immune markers, environmental factors, and other variables
to accurately identify children at the greatest risk of the disease
(6). Below, the main variables included in such models will be
briefly described.

Genetics
T1DM does not have a steady and clear inheritance pattern.
Among the patients with T1DM, only 13% have a first-degree
relative with the disease (24); similarly, in children without a

Frontiers in Pediatrics | www.frontiersin.org 3 April 2021 | Volume 9 | Article 670976

https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Argyropoulos et al. Stress Hyperglycemia and T1DM

family history of T1DM, the risk ranges from 0.01 to over 5%
(25). Susceptibility to the disease has been associated with over 60
genetic loci, yet alleles at the HLA DR and HLA DQ class II loci
present the strongest association (26). The HLA DRB1∗03,∗04;
DQB1∗0302 genotype is present in 39% of patients who develop
T1DM before age 20, providing a risk of 6.8%, the highest
among all genotypes (27). However, such risk ratios are also
affected by other factors such as family history, while it should be
noted that there are also protective combinations, such as HLA
DQB1∗0602 (28).

Autoantibodies and Novel Biomarkers
The emergence of autoantibodies signals the initiation of the
autoimmune destruction of beta cells. Four primary types of
islet autoantibodies are detected: against GAD 65, insulin (IAA),
insulinoma antigen-2 (IA-2), and zinc transporter 8 (ZnT8) (29).
The presence of only one autoantibody is associated with a
minimal increase in the risk of overt disease, referring only to
the 10% of total patients. On the contrary, the risk of type
1 diabetes increases as the number of relevant autoantibodies
detected increases, with 70% of diabetic children having at
least three autoantibodies developing overt T1DM within 10
years (30). Apart from their number, other qualitative factors
such as titer levels and affinity affect the risk for T1DM,
and IA-2 autoantibodies are associated with the highest risk
(6). Currently, the measurement of autoantibodies is the most
feasible approach in those individuals who are considered
genetically prone to the disease. Novel approaches include
transcriptomics (study of patterns of gene expression) in
autoantibody-positive children and metabolomics, where levels
of certain lipids such as phosphatidylcholines act as prediction
markers before seroconversion; however, such procedures cannot
be used in everyday clinical practice (26, 31).

Environmental and Other Factors
The most firmly established factor is the presence of family
history (32, 33), with a recent study by Awadalla et al. (34)
demonstrating an odds ratio (OR) of 9.03 in children with fathers
with T1DM. However, external factors that contribute to the
development of T1DM also include nutrition, viral infections,
birth weight, maternal age, increased childhood growth, perinatal
conditions, and geographic diversity (34).

Breastfeeding and the introduction to cow’s milk have long
been a matter of debate. On the one hand, Mayer et al. (35)
reported that breastfeeding for more than 12 months reduced
the risk of T1DM (OR:0.54), while other studies showed that
breastfeeding for <6 months or not at all importantly increased
the risk for T1DM by at least 30% (36–39). On the other hand,
several reports showed only a very weak inverse association
between breastfeeding and T1DM and only in mothers aged
over 35 years old, or even no association at all (40, 41). Even
more interestingly, a recent meta-analysis of 43 studies including
9.874 patients with T1DM showed only a weak protective effect
of exclusive breastfeeding for >2 weeks, however, results were
subject to marked heterogeneity (42). Overall, most research data
seem to favor exclusive and prolonged breastfeeding.

Perinatal conditions are important determinants of future
T1DM development. In a meta-analysis of 20 observational
studies, the risk of T1DMwas higher in children born by cesarean
section (OR: 1.23); the mechanisms are yet to be elucidated (43).
A positive association of maternal age and T1DM risk was also
identified; this finding has been confirmed in a meta-analysis
by Cardwell et al., where there was a 5% increase in T1DM
odds per 5-year increase in maternal age (44). Birth weight is
another important variable. In a population-based cohort study
on 1,824 children with T1DM (45), the rate ratio for children with
birth weights ≥ 4,500 g compared with those with birth weights
≤ 2,000 g was 2.21, similarly to previous works by Dahlquist
et al. (46), where children who were large for gestational age
(LGA) were at increased risk for type 1 diabetes (47). On the
other hand, in a twin-control study by Kyvik et al. (48), no
relationship between T1DM and birth weight was established,
and this was the case also in the study by Bock et al. (49) and other
previous reports (47). Despite the inconsistency of the results, the
association between birth weight and T1DM cannot be ignored;
other factors, such as pre-eclampsia, maternal obesity, and stress
have also been associated with the development of diabetes (50).

Cytomegalovirus, rubella, and enteroviruses have all been
associated with T1DM (51, 52). Low levels of serum 25-OH
vitamin D among patients with T1DM compared to healthy
controls have been shown (53, 54); however, in a study by
Bierschenk et al., no such association was found (55). It is
noteworthy that in the former studies, the setting was largely
northern Europe, while the latter was performed in a solar-rich
environment, implying a geographic component in the course
of T1DM (56). The data about the association between rural
residence and T1DM, however, has been contradictory (57, 58).

Stress Hyperglycemia as a Predictive
Factor of T1DM
Whether stress hyperglycemia could be a trigger factor for
overt T1DM is not clear. As non-diabetic patients are able to
compensate insulin resistance by increasing insulin secretion, it
seems logical to assume that the presence of stress hyperglycemia
could imply some degree of pre-existing β-cell dysfunction.
In addition, hyperglycemia in the context of acute illness
provokes the overexpression of the insulin-independent glucose
transporters GLUT-1, GLUT-2, and GLUT-3, which leads to
excessive glucose uptake and, thus, to increased glycolysis
and oxidative phosphorylation in peripheral tissues (1, 3).
These actions lead, in turn, to enhanced production of
reactive oxygen species (ROS) and, therefore, increased oxidative
stress, which stimulates the classic intracellular pathways that
are involved in T1DM pathogenesis: the polyol pathway,
the activation of protein kinase C (PKC), the increased
intracellular production of advanced glycation end products
(AGEs), and the hexosamine pathway (1, 59). The consequent
lipotoxicity, immune dysregulation, endothelial dysfunction, and
hyperinflammatory response with increased cytokine production
could theoretically comprise a causative inflammatory pathway
that may lead to type 1 diabetes (60–62).
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TABLE 1 | Major studies on the association between stress hyperglycemia and incidence of type 1 diabetes mellitus.

Authors Patients (n) Mean age (y) Follow-up

duration

Primary acute condition Association with T1DM

Vardi et al. (65) 12 7.2 ± 4.5 4.75 + 4.3 months RTI, fever, abdominal pain,

meningitis, and cellulitis

33% progressed to overt

diabetes

Herskowitz et al.

(66)

63 7.4 ± 4.8 2.9 ± 1.9 years two groups: without acute illness

vs. RTI, UTI, meningitis,

gastroenteritis, seizures, surgery

32% without acute condition vs.

2.3% with acute illness

Schatz et al. (67) 29 9.2 ± 5.8 2 years ± 9

months

N/A—Referral for hyperglycemia or

glycosuria

5/5 patients with ICA (+) or HLA

DR3/DR4 (+)−1/5 patients with

(-) markers

Eshraghi et al. (68) 50 9.8 ± 1.4 N/A Not mentioned No cases of T1DM−16% IR

Lorini et al. (69) 748 9.04 ± 3.62 42 months N/A—incidental hyperglycemia 10% ICA (+), 4,6% IAA (+), 4,9%

GADA (+), 3,9% IA-2A (+), 2,1%

overt disease during follow-up

Bhisitkul et al. (70) 90 2 30-36 months Sickle cell disease, gastroenteritis,

RTI, seizures, injury

No association

Shehadeh et al.

(71)

36 6.2 3.2 years Gastroenteritis, febrile seizures,

pneumonia

No association

Valerio et al. (12) 1,199 5.2 ± 4.5 3.5 ± 0.6 years Febrile seizures, traumatic injuries,

appendicitis, abdominal pain,

gastroenteritis, febrile infections

No association

Bordbar et al. (72) 1,054 1.5 24 months Gastroenteritis, seizures,

pneumonia, sepsis, poisoning, UTI

No association

Weiss et al. (73) 55,120

patient visits

5.7 4-10 years RTI, trauma, seizures No association

RTI, respiratory tract infection; UTI, urinary tract infection; N/A, not applicable; ICA, islet cell antibodies; HLA, human leukocyte antigen; IAA, insulin autoantibodies; IA-2A, protein tyrosine

phosphatase antibodies; GADA, glutamic acid decarboxylase antibodies.

Stress hyperglycemia is a well-established risk factor for type
2 diabetes in adults. In the study by Plummer et al. (63), among
2,883 patients with stress hyperglycemia, the incidence of type
2 diabetes following critical illness was 4.8%, and the risk of
diabetes in these patients compared to controls was almost
two-fold (HR: 1.91); similarly, McAllister et al. (64) showed
3-year risk of developing type 2 diabetes of 2.3% in patients
with SH, and a positive association of this risk and degree of
SH was noted. However, research data in children and their
risk of incident T1DM has been inconsistent (Table 1). Early
reports have been in favor of this notion, at least in part. Vardi
et al. (65) studied 12 children with stress hyperglycemia and
a mean age of 7.2 ± 4.5 years and found that 58% of the
children had a positive autoimmune assay, while 33% of the
children progressed to overt T1DM within a year of follow-
up, established by a low first-phase insulin release during an
intravenous glucose tolerance test (IVGTT). Herskowitz et al.
found that 7/63 (11%) of patients with transient hyperglycemia
developed T1DM within one year, although it was noted that the
risk was associated with disease severity (66). More specifically,
T1DM was identified in 32% of children in whom transient
hyperglycemia was discovered in the absence of a serious illness,
compared with 2.3% of children identified during a serious
illness. However, it is acknowledged that the short duration of
the follow-up period in these studies may have underestimated
the risk for overt T1DM in the future. In a prospective study by
Schatz et al. (67), where 29 children with stress hyperglycemia

or glycosuria were examined, all five subjects with islet cell
antibodies or human leukocyte antigen DR3/DR4 eventually
developed overt diabetes or had abnormal glucose tolerance
within 8 years of follow-up. This was demonstrated, however,
only in one out of the five children who lacked these biomarkers,
suggesting that in the absence of ICA and HLA-DR3/DR4
heterozygosity, transient hyperglycemia is unlikely to develop
to overt diabetes. Similarly, in a study in Iran, 50 children
with a mean age of 9.81 ± 1.45 years and a body mass index
(BMI) of 21.7 ± 3.7 kilograms/m2, who were hospitalized
due to stress hyperglycemia, were studied for the presence of
metabolic syndrome or GAD65 autoantibodies. Although no
cases of overt T1DM were found, the prevalence of insulin
resistance, measured by the Homeostatic Model Assessment
for Insulin Resistance (HOMA-IR), was 16% during follow-up
(68). However, the most robust association between SH and
T1DM was established in a multicenter Italian study on 748
subjects with a mean age of 9.04 ± 3.62 years and without a
family history of diabetes, where immunological (ICAs, IAAs,
and GADAs), metabolic (first-phase insulin response-FPIR),
and immunogenetic (serological HLA typing for class I and
class II and molecular analysis of HLA-DQA1 and -DQB1
genes) markers were examined (69). It was shown that islet cell
autoantibodies were present in 10% of the children with SH,
elevated insulin autoantibody levels in 4.6%, GAD antibody in
4.9%, and anti-tyrosine phosphatase-like protein autoantibodies
in 3.9%, while also the HLA-DR3/DR3 and HLA-DR4/other
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alleles were more frequent in these patients. First-phase insulin
response (FPIR) was diminished in 25.6% of subjects during
an oral glucose tolerance test (OGTT) and, eventually, after a
median follow-up of 42 months, 2.1% of subjects developed
overt disease. It must be noted, however, that the transient
hyperglycemia of the children enrolled was found without serious
intercurrent illness once again.

On the other hand, several reports have risen serious doubts
as to whether SH can predispose to T1DM either by itself or
in combination with other factors. In a study by Bhisitkul et al.
(70), all children who were evaluated for an acute illness or
injury were prospectively screened for hyperglycemia. Blood
samples were obtained from 30 hyperglycemic children, 30
stress control subjects, and 30 healthy control subjects. It was
shown that, in the absence of autoantibodies or genotypes at
the DQB1 gene, none of the hyperglycemic subjects progressed
to diabetes within 36 months. Similar were the results in a
study by Shehadeh et al. (71) on 36 children with SH during
severe intercurrent illness. Insulin autoantibodies were present
only in three subjects and, despite the low first-phase insulin
response in eight patients during the initial evaluation, results
were normal after 12-16 months. More importantly, no patient
developed T1DM after 3.2 years of follow-up. In more recent
reports, Valerio et al. (12) showed that, in 41 children with SH
and no family history of diabetes, none developed diabetes after
a 3.5 ± 0.6-year period of follow-up. In a prospective cross-
sectional study by Bordbar et al. (72), none of the 39 children
with SH, evaluated with fasting blood glucosemeasurements with
6-month intervals, were diagnosed with T1DM during the 2-
year follow-up. As it was noted by the researchers, however, a
greater follow-up period might be necessary to confirm whether
SH is a first sign of T1DM. This need was addressed in a
retrospective cohort of 55,120 consecutive visits over 6 years to
a pediatric emergency department where 72 cases of extreme
SH (>300 mg/dl) were identified; no cases of T1DM were
found among the patients who were followed-up for 4-10 years
(84%) (73).

Conclusion
Stress hyperglycemia is a normal homeostatic response to acute
stress, which is characterized by increased glycogenolysis and
gluconeogenesis along with insulin resistance. It has a high
prevalence in the pediatric population, with febrile conditions,
respiratory infections and medications being among the most
common causes. However, apart from its protective effects,
its significance as a warning sign for future progression to
T1DM has been a matter of research and controversy. T1DM
is a disease with a clear genetic origin, but genetic screening
cannot easily be applied to the general population and, even
more importantly, genetic susceptibility alone is not sufficient
to predict whether a child will ever develop the overt disease.
Therefore, antibody testing and environmental factors such as
breastfeeding, maternal age, delivery by cesarean section, birth
weight, and viral infections have been under the spotlight as
possible components of diagnostic algorithms and predictive
models which can readily be available on a broad scale.
Research data, albeit relatively scarce, have shown that stress
hyperglycemia per se cannot be considered an accurate risk factor
for future T1DM and, therefore, screening methods including
antibody testing or oral glucose tolerance tests are not indicated
in children and adolescents presenting only with this clinical
manifestation and without other risk factors. However, it seems
that, when combined with other risk factors such as a positive
family history of T1DM and the presence of autoimmunity, stress
hyperglycemia can indeed be the very first sign of disrupted β-cell
function and, thus, a part of a broader prediction model which
can be applied to genetically prone children and distinguish those
individuals who are at greatest risk and, thus, in need of a tighter
and more prolonged follow-up.
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history and risk of type 1 diabetes mellitus. Acta Diabetol. (2002) 39:111–
5. doi: 10.1007/s005920200028

34. Awadalla NJ, Hegazy AA, Abd El-Salam M, Elhady M. Environmental factors
associated with type 1 diabetes development: a case control study in Egypt. Int
J Environ Res Public Health. (2017) 14:615. doi: 10.3390/ijerph14060615

35. Mayer EJ, Hamman RF, Gay EC, Lezotte DC, Savitz DA, Klingensmith GJ.
Reduced risk of IDDM among breast-fed children. The Colorado IDDM
Registry. Diabetes. (1988) 37:1625–32. doi: 10.2337/diab.37.12.1625

36. Visalli N, Sebastiani L, Adorisio E, Conte A, De Cicco AL, D’Elia R, et al.
Environmental risk factors for type 1 diabetes in Rome and province. Arch
Dis Child. (2003) 88:695–8. doi: 10.1136/adc.88.8.695

37. Rosenbauer J, Herzig P, Giani G. Early infant feeding and risk of type 1 diabetes
mellitus-a nationwide population-based case-control study in pre-school
children. Diabetes Metab Res Rev. (2008) 24:211–22. doi: 10.1002/dmrr.791

38. Jones ME, Swerdlow AJ, Gill LE, Goldacre MJ. Pre-natal and early life risk
factors for childhood onset diabetes mellitus: a record linkage study. Int J
Epidemiol. (1998) 27:444–9. doi: 10.1093/ije/27.3.444

39. Patelarou E, Girvalaki C, Brokalaki H, Patelarou A, Androulaki Z, Vardavas
C. Current evidence on the associations of breastfeeding, infant formula, and
cow’s milk introduction with type 1 diabetes mellitus: a systematic review.
Nutr Rev. (2012) 70:509–19. doi: 10.1111/j.1753-4887.2012.00513.x

40. Samuelsson U, Johansson C, Ludvigsson J. Breast-feeding seems to play
a marginal role in the prevention of insulin-dependent diabetes mellitus.
Diabetes Res Clin Pract. (1993) 19:203–10. doi: 10.1016/0168-8227(93)90115-L

41. Bodington MJ, McNally PG, Burden AC. Cow’s milk and type 1
childhood diabetes: no increase in risk. Diabet Med. (1994) 7:663–5.
doi: 10.1111/j.1464-5491.1994.tb00329.x

42. Cardwell CR, Stene LC, Ludvigsson J, Rosenbauer J, Cinek O, Svensson J,
et al. Breast-feeding and childhood-onset type 1 diabetes: a pooled analysis
of individual participant data from 43 observational studies. Diabetes Care.
(2012) 35:2215–25. doi: 10.2337/dc12-0438

43. Cardwell CR, Stene LC, Joner G, Cinek O, Svensson J, Goldacre MJ, et al.
Caesarean section is associated with an increased risk of childhood-onset
type 1 diabetes mellitus: a meta-analysis of observational studies.Diabetologia.
(2008) 51:726–35. doi: 10.1007/s00125-008-0941-z

44. Cardwell CR, Stene LC, Joner G, Bulsara MK, Cinek O, Rosenbauer, et al.
Maternal age at birth and childhood type 1 diabetes: a pooled analysis of 30
observational studies. Diabetes. (2010) 59:486–94. doi: 10.2337/db09-1166

45. Stene LC, Magnus P, Lie RT, Søvik O, Joner G, Norwegian childhood Diabetes
Study Group. Birth weight and childhood onset type 1 diabetes: population
based cohort study. BMJ. (2001) 322:889–92. doi: 10.1136/bmj.322.7291.889

46. Dahlquist G, Bennich SS, Källén B. Intrauterine growth pattern and risk
of childhood onset insulin dependent (type I) diabetes: population based
case-control study. BMJ. (1996) 313:1174–77. doi: 10.1136/bmj.313.7066.1174

47. EURODIAB Substudy 2 Study Group. Rapid early growth is associated with
increased risk of childhood type 1 diabetes in various European populations.
Diabetes Care. (2002) 25:1755–60. doi: 10.2337/diacare.25.10.1755

48. Kyvik KO, Green A, Svendsen A, Mortensen K. Breast feeding and the
development of type 1 diabetes mellitus. Diabet Med. (1992) 9:233–5.
doi: 10.1111/j.1464-5491.1992.tb01767.x

49. Bock T, Pedersen CR, Vølund A, Pallesen CS, Buschard K. Perinatal
determinants among children who later develop IDDM.Diabetes Care. (1994)
17:1154–7. doi: 10.2337/diacare.17.10.1154

50. Butalia S, Kaplan GG, Khokhar B, Rabi DM. Environmental risk factors and
type 1 diabetes: past, present, and future. Can J Diabetes. (2016) 40:586–
93. doi: 10.1016/j.jcjd.2016.05.002

51. Boettler T, von Herrath M. Protection against or triggering of type 1 diabetes?
Different roles for viral infections. Expert Rev Clin Immunol. (2011) 7:45–
53. doi: 10.1586/eci.10.91

52. Oikarinen S, Martiskainen M, Tauriainen S, Huhtala H, Ilonen J, Veijola R,
et al. Enterovirus RNA in blood is linked to the development of type 1 diabetes.
Diabetes. (2011) 60:276–9. doi: 10.2337/db10-0186

53. Svoren BM, Volkening LK, Wood JR, Laffel LM. Significant vitamin D
deficiency in youth with type 1 diabetes mellitus. J Pediatr. (2009) 154:132–
4. doi: 10.1016/j.jpeds.2008.07.015

54. Littorin B, Blom P, Schölin A, Arnqvist HJ, Blohmé G, Bolinder, et al. Lower
levels of plasma 25-hydroxyvitamin D among young adults at diagnosis of
autoimmune type 1 diabetes compared with control subjects: results from the
nationwide Diabetes Incidence Study in Sweden (DISS). Diabetologia. (2006)
49:2847–52. doi: 10.1007/s00125-006-0426-x

Frontiers in Pediatrics | www.frontiersin.org 7 April 2021 | Volume 9 | Article 670976

https://doi.org/10.1177/0883073815597757
https://doi.org/10.1111/j.1651-2227.1995.tb13633.x
https://doi.org/10.1016/S0022-3476(97)70309-3
https://doi.org/10.1016/j.jpeds.2009.05.007
https://doi.org/10.1097/01.CCM.0000278047.06965.20
https://doi.org/10.1097/01.PCC.0000288710.11834.E6
https://doi.org/10.1016/j.clnu.2011.05.011
https://doi.org/10.1007/s00246-010-9829-z
https://doi.org/10.1097/CCM.0b013e3181aa5241
https://doi.org/10.1007/BF00291068
https://doi.org/10.1111/j.1399-543X.2005.00117.x
https://doi.org/10.1007/s00125-017-4308-1
https://doi.org/10.1210/jc.2003-032084
https://doi.org/10.2337/db12-1398
https://doi.org/10.1111/pedi.12188
https://doi.org/10.1001/jama.2013.6285
https://doi.org/10.1084/jem.20081800
https://doi.org/10.1111/j.1464-5491.2004.01282.x
https://doi.org/10.1007/s005920200028
https://doi.org/10.3390/ijerph14060615
https://doi.org/10.2337/diab.37.12.1625
https://doi.org/10.1136/adc.88.8.695
https://doi.org/10.1002/dmrr.791
https://doi.org/10.1093/ije/27.3.444
https://doi.org/10.1111/j.1753-4887.2012.00513.x
https://doi.org/10.1016/0168-8227(93)90115-L
https://doi.org/10.1111/j.1464-5491.1994.tb00329.x
https://doi.org/10.2337/dc12-0438
https://doi.org/10.1007/s00125-008-0941-z
https://doi.org/10.2337/db09-1166
https://doi.org/10.1136/bmj.322.7291.889
https://doi.org/10.1136/bmj.313.7066.1174
https://doi.org/10.2337/diacare.25.10.1755
https://doi.org/10.1111/j.1464-5491.1992.tb01767.x
https://doi.org/10.2337/diacare.17.10.1154
https://doi.org/10.1016/j.jcjd.2016.05.002
https://doi.org/10.1586/eci.10.91
https://doi.org/10.2337/db10-0186
https://doi.org/10.1016/j.jpeds.2008.07.015
https://doi.org/10.1007/s00125-006-0426-x
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Argyropoulos et al. Stress Hyperglycemia and T1DM

55. Bierschenk L, Alexander J, Wasserfall C, Haller M, Schatz D, Atkinson
M. Vitamin D levels in subjects with and without type 1 diabetes
residing in a solar rich environment. Diabetes Care. (2009) 32:1977–9.
doi: 10.2337/dc09-1089

56. Rewers M, Ludvigsson J. Environmental risk factors for type 1 diabetes.
Lancet. (2016) 387:2340–8. doi: 10.1016/S0140-6736(16)30507-4

57. Miller LJ, Willis JA, Pearce J, Barnett R, Darlow BA, Scott RS.
Urban-rural variation in childhood type 1 diabetes incidence
in Canterbury, New Zealand, 1980-2004. Health Place. (2011)
17:248–56. doi: 10.1016/j.healthplace.2010.10.010

58. Pundziute-Lyckå A, Urbonaite B, Ostrauskas R, Zalinkevicius R, Dahlquist
GG. Incidence of type 1 diabetes in Lithuanians aged 0-39 years varies by the
urban-rural setting, and the time change differs for men and women during
1991-2000. Diabetes Care. (2003) 26:671–6. doi: 10.2337/diacare.26.3.671

59. Stadler K. Oxidative stress in diabetes. Adv Exp Med Biol. (2012) 771:272–
87. doi: 10.1007/978-1-4614-5441-0_21

60. Pambianco G, Costacou T, Orchard TJ. The prediction of major outcomes
of type 1 diabetes: a 12-year prospective evaluation of three separate
definitions of the metabolic syndrome and their components and estimated
glucose disposal rate: the Pittsburgh Epidemiology of Diabetes Complications
Study Experience. Diabetes Care. (2007) 30:1248–54. doi: 10.2337/dc0
6-2053

61. Hunt KJ, Baker NL, Cleary PA, et al. Longitudinal association between
endothelial dysfunction, inflammation, and clotting biomarkers with
subclinical atherosclerosis in type 1 diabetes: an evaluation of the
DCCT/EDIC cohort.Diabetes Care. (2015) 38:1281-9. doi: 10.2337/dc14-2877

62. Padgett LE, Broniowska KA, Hansen PA, Corbett JA, Tse HM.
The role of reactive oxygen species and proinflammatory cytokines
in type 1 diabetes pathogenesis. Ann N Y Acad Sci. (2013)
1281:16–35. doi: 10.1111/j.1749-6632.2012.06826.x

63. Plummer MP, Finnis ME, Phillips LK, Kar P, Bihari S, Biradar
V, et al. Stress induced hyperglycemia and the subsequent risk of
type 2 diabetes in survivors of critical illness. PLoS ONE. (2016)
11:e0165923. doi: 10.1371/journal.pone.0165923

64. McAllister DA, Hughes KA, Lone N, Mills NL, Sattar N, McKnight
J, et al. Stress hyperglycaemia in hospitalised patients and their 3-year
risk of diabetes: a Scottish retrospective cohort study. PLoS Med. (2014)
11:e1001708. doi: 10.1371/journal.pmed.1001708

65. Vardi P, Shehade N, Etzioni A, Herskovits T, Soloveizik L, Shmuel, et al.
Stress hyperglycemia in childhood: a very high risk group for the development

of type I diabetes. J Pediatr. (1990) 117:75–7. doi: 10.1016/S0022-3476(05)8
2447-3

66. Herskowitz-Dumont R, Wolfsdorf JI, Jackson RA, Eisenbarth GS. Distinction
between transient hyperglycemia and early insulin-dependent diabetes
mellitus in childhood: a prospective study of incidence and prognostic factors.
J Pediatr. (1993) 123:347–54. doi: 10.1016/S0022-3476(05)81731-7

67. Schatz DA, Kowa H, Winter WE, Riley WJ. Natural history of incidental
hyperglycemia and glycosuria of childhood. J Pediatr. (1989) 115:676–
80. doi: 10.1016/S0022-3476(89)80641-9

68. Eshraghi P, Bagheri S, Kamel S. Association of pediatric stress hyperglycemia
with insulin metabolism disorders. Int J Pediatr. (2014) 2:83–7.
doi: 10.22038/IJP.2014.2221

69. Lorini R, Alibrandi A, Vitali L, Klersy C, Martinetti M, Betterle C,
et al. Risk of type 1 diabetes development in children with incidental
hyperglycemia: a multicenter Italian study. Diabetes Care. (2001) 24:1210–
6. doi: 10.2337/diacare.24.7.1210

70. Bhisitkul DM, Vinik AI, Morrow AL, She JX, Shults J, Powers AC, et al.
Prediabetic markers in children with stress hyperglycemia. Arch Pediatr

Adolesc Med. (1996) 150:936–41. doi: 10.1001/archpedi.1996.02170340050010
71. Shehadeh N, On A, Kessel I, Perlman R, Even L, Naveh T, et al. Stress

hyperglycemia and the risk for the development of type 1 diabetes. J Pediatr
Endocrinol Metab. (1997) 10:283-6. doi: 10.1515/JPEM.1997.10.3.283

72. Bordbar MR, Taj-Aldini R, Karamizadeh Z, Haghpanah S, Karimi M,
Omrani GH. Thyroid function and stress hormones in children with stress
hyperglycemia. Endocrine. (2012) 42:653–7. doi: 10.1007/s12020-012-9707-y

73. Weiss SL, Alexander J, Agus MS. Extreme stress hyperglycemia during acute
illness in a pediatric emergency department. Pediatr Emerg Care. (2010)
26:626–32. doi: 10.1097/PEC.0b013e3181ef0488

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Argyropoulos, Korakas, Gikas, Kountouri, Kostaridou-

Nikolopoulou, Raptis and Lambadiari. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Pediatrics | www.frontiersin.org 8 April 2021 | Volume 9 | Article 670976

https://doi.org/10.2337/dc09-1089
https://doi.org/10.1016/S0140-6736(16)30507-4
https://doi.org/10.1016/j.healthplace.2010.10.010
https://doi.org/10.2337/diacare.26.3.671
https://doi.org/10.1007/978-1-4614-5441-0_21
https://doi.org/10.2337/dc06-2053
https://doi.org/10.2337/dc14-2877
https://doi.org/10.1111/j.1749-6632.2012.06826.x
https://doi.org/10.1371/journal.pone.0165923
https://doi.org/10.1371/journal.pmed.1001708
https://doi.org/10.1016/S0022-3476(05)82447-3
https://doi.org/10.1016/S0022-3476(05)81731-7
https://doi.org/10.1016/S0022-3476(89)80641-9
https://doi.org/10.22038/IJP.2014.2221
https://doi.org/10.2337/diacare.24.7.1210
https://doi.org/10.1001/archpedi.1996.02170340050010
https://doi.org/10.1515/JPEM.1997.10.3.283
https://doi.org/10.1007/s12020-012-9707-y
https://doi.org/10.1097/PEC.0b013e3181ef0488
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles

	Stress Hyperglycemia in Children and Adolescents as a Prognostic Indicator for the Development of Type 1 Diabetes Mellitus
	Introduction
	Literature Search Strategy
	Stress Hyperglycemia: Mechanisms and Causes
	Pathophysiology of Stress Hyperglycemia

	Stress Hyperglycemia in Pediatric Patients
	Type 1 Diabetes Mellitus: Prediction Models and the Association With Stress Hyperglycemia
	Prediction of T1DM: Current Notions and Prospects
	Genetics
	Autoantibodies and Novel Biomarkers
	Environmental and Other Factors

	Stress Hyperglycemia as a Predictive Factor of T1DM
	Conclusion
	Author Contributions
	References


