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Type 1 diabetes (TD1) is one of the most common endocrine disorders in children and 
can occur at any age. Incidences of T1D have steadily increased worldwide, and it is 
largely considered an autoimmune disorder resulting from the specific destruction 
of pancreatic beta-cells producing insulin. However, T1D pathophysiology is still 
not completely understood, and although insulin and other therapies ameliorate 

the manifestations of the disease, no cure is currently available. This book has 
been written by widely acknowledged experts, with each chapter providing unique 
information on emerging aspects of T1D. Because a large body of information has 

been available regarding T1D, this book highlights lesser explored topics linked to the 
subject using important and recent knowledge that presages directions for further 
research. Current possibilities to forestall diabetic complications are also explored.
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Preface

According to the World Health Organization, diabetes will be the seventh leading cause of
death in 2030. Diabetes is a disease that affects the whole family, especially when a child is
diagnosed. Type 1 diabetes (T1D) is one of the most common endocrine disorders of chil‐
dren, and the incidence of diabetes is steadily increasing. T1D is largely considered an auto‐
immune disorder resulting from the specific destruction of the pancreatic beta-cells that
produce insulin. However, T1D pathophysiology is still not completely understood, and al‐
though insulin and other therapies ameliorate the manifestations of the disease, no cure is
currently available.

The existing scientific books on diabetes offer vast amounts of information regarding the
disease. This book focuses on lesser explored topics regarding T1D, subjects that are impor‐
tant from the point of view of future treatments of diabetes. While the book focuses on a few
issues in the broad area of T1D, these topics have been discussed by the scientific communi‐
ty as being very relevant and in need of further research in order to significantly increase
our knowledge and management of T1D. It is a book that calls upon experts from around
the world who communicate the most accurate scientific information in a way that will be
useful for medical students as well as diabetic patients and their families.

I wish to express gratitude to all who have helped in the compilation of this small but sub‐
stantial book. In addition, I want to thank the readers on behalf of all the authors who con‐
tributed to this book. I hope this work will add to the continuing debate over how to better
handle diabetic complications and provide an overview about current possibilities to fore‐
stall them, in addition to highlighting new insights into T1D. Suggestions and feedback
would be most welcome.

Kenia Pedrosa Nunes
Department of Biological Sciences,

Florida Institute of Technology,
Melbourne, FL, USA





Chapter 1

The Innate Immune System via Toll-Like Receptors (TLRs)
in Type 1 Diabetes - Mechanistic Insights

Kenia Pedrosa Nunes, Eric Guisbert, Theodora Szasz and Clinton Webb

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/61925

Abstract

Type 1 diabetes (T1D) is a form of diabetes mellitus resulting from the lack of insu‐
lin secretion by the pancreatic beta cells and which accounts for approximately 5%
of the total number of patients with diabetes worldwide. T1D is one of the most
common endocrine disorders of children, and its incidence is steadily increasing.
T1D is largely considered an autoimmune disorder resulting from the specific de‐
struction of the pancreatic beta-cells that produce insulin. However, T1D patho‐
physiology is still not completely understood, and although insulin and other
therapies ameliorate the manifestations of the disease, no cure is currently available.
Traditionally, T1D has been thought of as a condition of cellular adaptive immuni‐
ty, but evidence exists that components of the innate immune system, such as Toll-
like receptors (TLRs), play a critical role in T1D development. TLRs have a central
role in sensing microbial infections as well as endogenous alarm signals and trigger
the release of inflammatory cytokines. The involvement of these receptors in the
pathophysiology of several chronic diseases has become a major research interest,
and in the last two decades, many studies have suggested the involvement of the
innate immune system in the mechanism triggering T1D. Furthermore, microvascu‐
lar complications in diabetic patients result in considerable morbidity, particularly
diabetic nephropathy, retinopathy, and atherosclerosis. A hallmark of diabetic vas‐
cular pathology is inflammation and endothelial dysfunction. Recent literature sug‐
gests that TLR signaling is involved in vascular inflammation and endothelial
dysfunction and that TLR activation may play a crucial role in diabetic microangi‐
opathy. However, the mechanisms by which TLRs and their ligands contribute to
T1D are not yet clear, and further investigation is needed. The goal of the present
chapter is to address the contribution of TLRs to the mechanisms leading to the de‐
velopment and progression of T1D and to review current possibilities of targeting
TLRs to forestall diabetic complications.

Keywords: Toll-like receptors, type 1 diabetes, DAMPS, innate immune system, microan‐
giopathy

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



1. Introduction

The innate immune system is the first line of defense against invading organisms and other
dangerous events in our body. Unlike the acquired immune system, innate immunity identifies
the presence of harm via pattern recognition receptors (PRRs). Toll-like receptors (TLRs) are
one of the most important classes of PRRs for sensing harmful signals. TLRs can recognize two
types of molecules: (1) conserved pathogen molecules such as lipopolysaccharide (LPS),
proteins, and nucleic acids expressed by microbes, viruses, bacteria, and fungi, which are
known as pathogen-associated molecular patterns or PAMPS [1-2] and (2) endogenous
molecules released from damaged cells or tissues such as HMGB-1, HSP60, and C-reactive
protein called damage-associated patterns or DAMPS [3]. To date, ten TLRs have been
identified in humans (TLR1–TLR10) and twelve in mice (TLR1–TLR9 and TLR11–TLR13). Most
TLRs are located on the cell surface, except for TLR3, TLR7, TLR8, and TLR9, which are
expressed in the intracellular compartment, the endosome [4].

All  TLRs share  their  intracellular  domain with the interleukin-1-receptor  (IL-1R)  family.
Two major intracellular signaling pathways are triggered by TLRs, one that is  canonical
and  dependent  on  myeloid  differentiation  primary  response  protein  88  (MyD88)  and
another that is noncanonical and MyD88-independent (Figure 1) pathway. MyD88 binds to
TLRs upon activation and is essential for the induction of inflammatory cytokines via TLRs.
All TLRs, except TLR3, can activate a MyD88-dependent pathway, which involves mitogen-
activated  kinases  and leads  to  the  transcription  of  pro-inflammatory  genes  through the
activation  of  nuclear  factor  κB  (NF-κB).  TLR3  activates  the  TRIF-mediated  pathway,  a
MyD88-independent pathway that in turn activates interferon regulatory factor 3 (IRF-3),
inducing the expression of  interferons (IFNs)  [5].  TLR pathway activation results  in  the
activation  of  the  inhibitor  of  NF-κB  kinase  (IKK)  complex  and  the  transcription  factor
nuclear factor κB (NF-κB). NF-κB has been extensively studied as a regulator of inflamma‐
tory mediators, including tumor necrosis factor alpha (TNF-α). Increased levels of interleu‐
kin 1 beta (IL-1β) and TNF-α have been correlated with an expression of TLR2 and TLR4
on monocytes from T1D patients [6] (Figure 1).

Type 1 diabetes (T1D) is a disease in which the pancreatic insulin-producing beta-cells are lost
or destroyed, usually via autoimmune mechanisms. Consequently, slow and progressive islet
beta-cell impairment and total loss of insulin secretion are observed [7-8]. How the disease is
triggered is unknown; however, research in animal models of T1D supports the hypothesis
that microbial infection and/or innate immune system activation play an important role in
disease mechanisms [9]. Several lines of evidence suggest that T1D progression is strongly
heritable [10-11]. However, in addition to genetic factors, environmental factors such as
chemicals, infections, and components of early childhood diet might contribute to T1D onset
[12]. The development of T1D can be classified into two stages. In the first stage, called insulitis,
Langerhans islets in the pancreas are progressively infiltrated by cells of the immune system,
especially T cells and macrophages (Figure 2). In the second stage, most beta-cells are destroyed
by the infiltrating immune cells. Apoptosis of pancreatic beta-cells is the last step in the initial
pathogenesis of T1D [13]. Regardless of the progress toward the last step of T1D development,
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the initial step, triggering anti-islet autoimmunity, is still unclear and this is one of the most
relevant issues in the field of autoimmune diseases.

Generally, TLR-expressing innate immune cells trigger the initial actions against dangerous
signals, which later lead to the activation of T and B cells of the adaptive immune system.
Although the primary function of TLRs is linked to the innate immunity, there are no reasons
why TLRs may not have a direct function on adaptive immunity, and it has been recently
demonstrated that TLRs are also expressed not only in cells from the innate immune but also
in T and B cells [14-16]. Continuous release of DAMPs from damaged cells and tissues may
maintain the activation of the innate immune system in diseases with long-term low-level
inflammation. Therefore, the participation of innate immunity via TLRs not only in acute but
also in chronic disease has been recently speculated in the literature. The expression of TLRs
in T or B cells has been suggested to provide a cell intrinsic mechanism for innate signals
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Figure 1. Ten human TLRs and their pathways. Signaling pathways activated by TLRs might be MyD88 dependent or
independent. MyD88 is an adaptor molecule, which recruits IRAK and induces phosphorylation. IRAK associates with
TRAF6 or TRAF3, leading to the activation of IKK complex or MKKs and resulting in the activation of NF-κB and other
important transcription factors (CREB and AP1). The activation of a MyD88-dependent pathway leads to induction of
inflammatory cytokines or type I interferons (IFNs). All TLRs, except TLR3, can activate MyD88. The MyD88-inde‐
pendent pathway is called TRIF-mediated pathway (TIR-domain-containing adaptor inducing an NF-κB). TLR4 can al‐
so utilize the TRIF-related adaptor molecule (TRAM) for the activation of NF-κB. In order to switch signaling from
MyD88 to TRIF, TLR4 moves from plasma membrane to the endosomes. Little is known about TLR10 and its ligands,
but this receptor may heterodimerize with TLR1 and TLR2. The activation of TLRs especially TLR2 and TLR4 path‐
ways leads to complications that are associated with the pathogenesis of diabetes. CRBE: cyclic AMP-responsive ele‐
ment binding-protein; AP1: activator protein 1.
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regulating adaptive immune responses [3, 16], which suggest the TLR-mediated activation of
innate immunity may be controlling chronic disorders. However, the exact role of the innate
immunity and TLRs in chronic diseases such as T1D is still under discussion.

TLRs play a major role in the development of several pancreatic diseases [17]. In the last decade,
the involvement of the innate immune system in diabetes development and complications has
been highlighted and investigated by many authors [18-19]. The idea that the initial event in
the pathogenesis of autoimmune T1D comprises sensing of molecular patterns from apoptotic
beta cells by TLRs has been suggested in recent papers [8, 20]. In T1D, necrotic beta-cells might
stimulate dendritic cells (DCs), which are essential in defending against microbial infections
and are involved in initiating and regulating immune responses linked to inflammation [21].
In addition, during the development of T1D, multiple interactions occur between DCs,
macrophages, natural killer cells (NKs), and lymphocytes. Ultimately, the activation of these
cells leads to induction of inflammatory genes [22]. A proinflammatory state is characteristic
of T1D and is manifested by elevated circulating and cellular biomarkers such as augmented
plasma levels of C-reactive proteins (CRP), cytokines (IL-1B, TNF, and IL-6), soluble cell
protein adhesion, chemokines, etc. These increases are further accentuated in T1D patients
with vascular complications [23-24].

Of the various TLRs, TLR2 and TLR4 have an important role in inflammation associated with
diabetes. In addition, T1D harbors a considerably elevated risk for progressive atherosclerotic
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Figure 2. Involvement of TLR2 and TLR4 in the development of T1D. TLR2 and TLR4 on islet beta-cells senses expres‐
sion changes in DAMPS such as HMGB1 and contribute to the initiation of T1D. Activation of TLR2 and TLR4 leads to
NF-κB activation and pro-inflammatory cytokines production, which play a part in T1D inflammatory process and
possibly endothelial dysfunction resulting in diabetic vascular complications. In addition, in T1D, the pancreas is pro‐
gressively infiltrated by cells of the immune system such as macrophages and B-cells which express TLR2 and TLR4.
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events and TLRs may be involved, but the mechanistic basis for this phenomenon is not
completely clear. Likewise, TLRs are involved in the pathogenesis of diabetic microvascular
alterations [25]. However, the TLR activation in this diabetic condition and its association with
vascular or endothelial dysfunction has not been well characterized. Experimental studies
have shown that TLR2 and TLR4 could be important participants in the progression of
atherosclerosis in diabetes [6, 26-27]. On the other hand, TLR3, TLR7, and TLR9 seem to be
involved in the initiation of TD1 [5, 28].

In this chapter, based on the recent advances in understanding the role of the innate immune
system in chronic disease, we focus on the contribution of TLRs to the mechanisms that trigger
T1D onset and the development of its complications. This information might provide new
insights into possibilities for therapeutic intervention by targeting and modulating the
immune system to abrogate or prevent T1D.

2. Contribution of TLRs in the pathogenesis of T1D

Recently, it has become evident that the dysregulation of the innate immune system can
precipitate autoimmune diseases, including T1D. Given its essential role in orchestrating
innate immune responses, the TLRs may be expected to play a significant role in the T1D
development, progression, and its complications. The connections among inflammation,
hyperglycemia, and diabetes have clear implications for the immune system. In addition, TLRs
activate two types of downstream signaling pathways that lead to the activation of NF-κB with
concomitant increase in inflammatory cytokine secretion (Figure 1). Both pathways contribute
significantly to the pathophysiology of inflammation in endothelial dysfunction and are
relevant to diabetic microangiopathy. Therefore, the key point regarding the involvement of
TLRs in T1D and its complications seems to be the inflammatory process.

2.1. TLR2 and TLR4

The activation of the innate immune system via TLRs, in particular, TLR2 and TLR4, seems to
play an important role in the development of T1D. Many authors proposed the sensing of
DAMPs released from damaged pancreatic β-cells by TLR2 to be first event in the development
of T1D [29-30]. The Increased expression of TLR2 and TLR4 in monocytes was described in
patients with T1D compared to healthy patients [6]. In addition, the expression of TLR2 is
augmented in T1D in both rat and human kidneys and has been associated with vascular
complications [31]. Furthermore, T1D patients with microvascular complications showed
increases in TLR2 and TLR4 activity in monocytes compared with matched controls [25]. The
higher expression of TLR2 and TLR4 is associated with poor glycemic control, while the
knockdown of both TLR2 and TLR4 resulted in a 76% decrease in a high glucose-induced NF-
κB response, suggesting an additive effect [32-33]. Also, it has been demonstrated that deletion
of TLR2 in mice significantly abrogates the proinflammatory state of T1D for up to 14 weeks
in mice and improves the wound healing process, supporting a role for TLR2 in promoting
inflammation in diabetes [30, 34].
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There are ample data supporting an important role for inflammation associated with athero‐
sclerosis in T1D and TLRs may be mediating this process. A recent study demonstrated that
TLR2 and TLR4 mediate inflammatory pathways in endothelial cells exposed to high glucose
[35], although the precise mechanism by which glucose fluctuations mediate inflammation in
endothelial dysfunction is unknown. In apolipoprotein E-/- mice, the deficiency of IP-10
(interferon-gamma-inducible-protein 10) or its receptor (CXCR3) reduces vascular lesion
formation. Also, elevated serum IP-10 levels have been shown in diabetes as well as increased
monocytic IP-10 in T1D patients, but it is unclear if the patients had complications [36]. TLR4
agonists such as LPS have been shown to induce IP-10 production, and it has been demon‐
strated that down-regulation of TLR2 and TLR4 abrogates high glucose-induced IP-10 release
via NF-κB inhibition [32].

Although many studies have highlighted the involvement of TLRs in the pathogenesis of T1D,
TLRs might also have a beneficial role against T1D. Since the cause of T1D and the mechanisms
involving this condition are not completely elucidated, the contradiction about the role of the
TLRs in T1D could be dependent on the disease stage or how the disease was triggered. T cells,
especially CD4 and CD25 T cells, play an important role in the prevention of autoimmunity.
These cells not only express different TLRs, including TLR2, but are also functionally regulated
directly or indirectly through TLR signaling [37-38]. Recently, it was showed that treatment of
prediabetic mice with a synthetic TLR2 agonist diminished T1D and increased the number and
function of CD4 and CD25 T cells, also conferring DCs with tolerogenic properties, suggesting
that TLR2 signaling improves immunoregulation to prevent T1D [39]. On the other hand,
another study suggested that TLR2 and MyD88 was dispensable for development of T1D in
non obese diabetic (NOD) mice [40], which exhibit a susceptibility to spontaneous develop‐
ment of autoimmune insulin-dependent diabetes mellitus. NOD mice are a well established
model of autoimmune diseases, including human T1D [41]. These data contrast with other
reports showing the involvement of TLR2 in the initiation of autoimmune responses directed
against beta-cells [42].

In NOD mice, the deletion of TLR4 results in acceleration of diabetes onset and immune cell
infiltration of islets [43]. A recent study in the same animal model showed that TLR4 mediates
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TLR4/MD-2 specific agonist monoclonal antibody (UT18) in NOD mice not only prevented
T1D but also reversed new T1D onset diagnosed by polyuria, weight loss, and elevated blood
glucose [45]. Supporting these results, an agonistic monoclonal antibody to TLR4/MD-2
reverses the development of diabetes in a high percentage of NOD mice. TLR4 antibody
treatment increases T regulatory cell numbers in both the periphery and the pancreatic islet,
suggesting a novel immunological tool for management of T1D in humans [46]. Taken
together, these observations suggest a potential role for TLR2 and TLR4 in the pathology of
diabetes. However, the mechanistic details need to be better investigated. Undoubtedly, the
majority of existing data suggest that TLRs play a part in T1D, mediating T1D development
and its complications, even if it is not clear if this is a beneficial role, a detrimental role, or a
combination of the two.
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2.2. Other TLRs and T1D

The role of the TLR pathway in the mechanism of T1D has been intensely investigated in the
last decade, and it is undeniable that these receptors are involved in the pathogenesis of T1D.
However, the majority of the studies are focused on TLR2 and TLR4 and only a few studies
have discussed other TLRs such as TLR1, TLR3, TLR7, and TLR9.

To the best of our knowledge, there is only one study showing that TLR1 may be involved in
the mechanism of diabetes. In this work, a detailed phenotypic analysis of the diabetes-
resistant NOD.C3H-congenic strain 6 was evaluated, and the results suggested that TLR1
pathway is involved in the inflammatory response and the development of T1D controlled by
the Idd6 locus [47].

The TLR3 gene codes for an endoplasmic receptor that recognizes dsRNA and plays an
important role in the innate immune response initiated by viral infection. Although there are
only a few studies reporting a link between T1D and TLR3 gene alterations, polymorphisms
in the TLR3 gene seem to be linked to the risk of T1D. In fact, rs5743313 and rs117221827
polymorphisms were associated with an early age at diagnosis and worse glycemic control
[48]. However, genotypic data on a small population of South Africans of Zulu origin sug‐
gested a weak association of the TLR3 polymorphism C2593T, C2642A, and A2690G with T1D
[49]. The hypothesis that viral infections are involved in T1D is based on epidemiological
studies [50]. One of the major observations that support a role for a viral etiology of T1D is
that in accordance rates for T1D in monozygotic twins are only 50% instead of the expected
100% if the characteristic would be explained only by genetic factors. TLR3 is expressed at high
levels in human and mouse pancreatic beta-cells and antigen-presenting DCs, and this receptor
activates the TRIF-mediated pathway, which in turn activates interferon regulatory factor
(IRF)-3 inducing the expression of IFNs. However, NF-κB may also be activated by TLR3 to
upregulate the production of proinflammatory cytokines [5].

TLR7 stimulation activates DCs and T cells to promote autoimmune diabetes in nonobese
diabetic (NOD) mice. Treatment with IRS661, an antagonist for TLR7, inhibits the activation
of DCs and CD8 T cells, as well as diminishes insulitis and diabetes onset in NOD mice [51].
Daily administration of a specific TLR7 ligand, 1V136, reduces autoimmune disease and
modulates DC function [28]. In addition, treatment with 1Z1, an innate immune modulator
generated by conjugating a TLR7 ligand to six units of polyethylene glycol (PEG), effectively
prevented the clinical onset of hyperglycemia and reduced islet inflammation in NOD mice
[52].

The involvement of TLR9 in T1D has been demonstrated in a rat model (diabetes-resistant
BioBreeding or BBDR), which developed the disease following virus infection. In this study,
disease progression was dependent on TLR9 signaling, leading to the activation of splenic B
cells and bone marrow derived DCs [53]. A recent study investigating DCs subpopulations
and their responses to TLRs stimulation in T1D patients, and their relatives showed increased
TLR9-mediated interferon-alpha production in the first-degree relatives of T1D patients [27].
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3. Contribution of TLRs to T1D complications

Diabetes leads to both microvascular and macrovascular complications. Many studies have
shown increased levels of inflammatory biomarkers that could predispose to vascular
complications. It is undeniable that TLRs are emerging as major factors in many diseases
conditions owing to the activation of signaling pathways leading to the expression of inflam‐
matory mediators and induction of immune responses.

Importantly, members of the TLR family play critical roles in the inflammatory components
of vascular pathologies, including atherosclerosis [54-55], a condition characterized by
inflammation of the vessel wall of the arterial tree. Atherosclerosis is an important vascular
complication and the major cause of morbidity and mortality in diabetic patients [56]. Also,
diabetes itself is a risk factor for atherosclerosis. Despite the fact that type 1 diabetics are at
lower risk for atherosclerotic cardiovascular disease than type 2 diabetics because of the
younger age of the former group, the relative risk is 10 times higher in type 1 diabetics than in
nondiabetics of similar age [57]. Moreover, T1D has been linked with increased intima media
thickness and impaired endothelial function (6), which affects vascular homeostasis leading
to complications in diabetes. Lastly, hyperglycemia is a hallmark of diabetes and the role of
glucose in the pathogenesis of atherosclerosis has been intensely discussed [58].

Devaraj et al. [30] reported on the role of TLR2 in the proinflammatory state in diabetes and
incipient diabetic nephropathy. In TLR2 knockout streptozotocin (STZ)-induced diabetic
animals, these authors observed a significant reduction in the NF-κB activity in peritoneal
macrophages as well as in the release of various pro-inflammatory cytokines such as IL-6 and
IL-8 compared to wild-type diabetic mice. Moreover, TLR2 KO STZ mice showed a significant
decreased in albuminuria compared to WT-STZ, as well as increase in podocyte (epithelial cell
in the kidneys) number, decrease in podocyte effacement, and a decrease in macrophages in
the kidney. This study clearly implicates the TLR pathway in the genesis of a vascular
complication in diabetes and demonstrates greater TLR activity in T1D.

Reactive oxygen species (ROS) formed in the vascular wall target a wide range of signaling
molecules in both endothelium and vascular smooth muscle and contribute to vascular
damage. Vascular dysfunction and remodeling through oxidative damage involves increased
production and/or decreased degradation of ROS. One of the main enzymes implicated in
vascular ROS generation is NADPH oxidase, although the mechanism behind induction of
vascular NADPH oxidase activation in diabetes is less clear [59]. Recently, the role of TLRs in
increased ROS levels in diabetes has been investigated [60-61]. It has been shown that the KO
of the P47phox subunit of NADPH oxidase prevents diet-induced obesity via upregulation of
both TLR2 and TLR4 [61]. A study addressing diabetic retinopathy using human retinal
endothelial treated with high glucose showed that hyperglycemia induces TLR2 and TLR4
activation and downstream TLR signaling mediates augmented inflammation possibly via
ROS [62], suggesting a mechanism by which TLRs could contribute to vascular damage in
diabetes. However, the precise ligands involved in the activation of TLRs by hyperglycemia
are still under investigation, and certainly this information will provide new insight for a role
of TLRs in diabetes-associated vascular complications.

Major Topics in Type 1 Diabetes8



3. Contribution of TLRs to T1D complications

Diabetes leads to both microvascular and macrovascular complications. Many studies have
shown increased levels of inflammatory biomarkers that could predispose to vascular
complications. It is undeniable that TLRs are emerging as major factors in many diseases
conditions owing to the activation of signaling pathways leading to the expression of inflam‐
matory mediators and induction of immune responses.

Importantly, members of the TLR family play critical roles in the inflammatory components
of vascular pathologies, including atherosclerosis [54-55], a condition characterized by
inflammation of the vessel wall of the arterial tree. Atherosclerosis is an important vascular
complication and the major cause of morbidity and mortality in diabetic patients [56]. Also,
diabetes itself is a risk factor for atherosclerosis. Despite the fact that type 1 diabetics are at
lower risk for atherosclerotic cardiovascular disease than type 2 diabetics because of the
younger age of the former group, the relative risk is 10 times higher in type 1 diabetics than in
nondiabetics of similar age [57]. Moreover, T1D has been linked with increased intima media
thickness and impaired endothelial function (6), which affects vascular homeostasis leading
to complications in diabetes. Lastly, hyperglycemia is a hallmark of diabetes and the role of
glucose in the pathogenesis of atherosclerosis has been intensely discussed [58].

Devaraj et al. [30] reported on the role of TLR2 in the proinflammatory state in diabetes and
incipient diabetic nephropathy. In TLR2 knockout streptozotocin (STZ)-induced diabetic
animals, these authors observed a significant reduction in the NF-κB activity in peritoneal
macrophages as well as in the release of various pro-inflammatory cytokines such as IL-6 and
IL-8 compared to wild-type diabetic mice. Moreover, TLR2 KO STZ mice showed a significant
decreased in albuminuria compared to WT-STZ, as well as increase in podocyte (epithelial cell
in the kidneys) number, decrease in podocyte effacement, and a decrease in macrophages in
the kidney. This study clearly implicates the TLR pathway in the genesis of a vascular
complication in diabetes and demonstrates greater TLR activity in T1D.

Reactive oxygen species (ROS) formed in the vascular wall target a wide range of signaling
molecules in both endothelium and vascular smooth muscle and contribute to vascular
damage. Vascular dysfunction and remodeling through oxidative damage involves increased
production and/or decreased degradation of ROS. One of the main enzymes implicated in
vascular ROS generation is NADPH oxidase, although the mechanism behind induction of
vascular NADPH oxidase activation in diabetes is less clear [59]. Recently, the role of TLRs in
increased ROS levels in diabetes has been investigated [60-61]. It has been shown that the KO
of the P47phox subunit of NADPH oxidase prevents diet-induced obesity via upregulation of
both TLR2 and TLR4 [61]. A study addressing diabetic retinopathy using human retinal
endothelial treated with high glucose showed that hyperglycemia induces TLR2 and TLR4
activation and downstream TLR signaling mediates augmented inflammation possibly via
ROS [62], suggesting a mechanism by which TLRs could contribute to vascular damage in
diabetes. However, the precise ligands involved in the activation of TLRs by hyperglycemia
are still under investigation, and certainly this information will provide new insight for a role
of TLRs in diabetes-associated vascular complications.

Major Topics in Type 1 Diabetes8

4. Endogenous ligands (DAMPS) for TLRs in the mechanism of T1D

A large number of endogenous molecules may be potent activators of the innate immune
system via TLRs leading to the release of proinflammatory cytokines from monocytes/
macrophages. Unfortunately, there are limited data on the levels of endogenous ligands of
TLR2 and TLR4 in T1D; however, a significant elevation of some ligands for TLR2 and TLR4
in T2D has been recently found. Overall, S100, fibrinogen, hyaluronan, oxidized LDL, and
advanced glycation end products (AGE) showed increased levels in diabetic conditions and
may work as DAMPS for TLRs [63]. However, high-mobility group box-1 protein (HMGB1),
heat shock proteins (HSPs), and growth arrest-specific 6 protein (GAS6) are the ligands for
TLRs specifically associated with T1D have been highlighted in the current literature.

4.1. HMGB1

HMGB1 was initially identified nearly 30 years ago as a chromatin associated protein that is
important for transcriptional regulation. HMGB1 helps organize DNA and facilitates the
binding of several regulatory protein complexes to DNA [64]. In addition to its role in
transcriptional regulation, HMGB1 has been shown to activate proinflammatory responses
following its release by necrotic or injured cells into the extracellular environment [65]. This
protein may also be actively secreted by monocytes/macrophages. HMGB1 is implicated in the
pathogenesis of a number of diseases associated with inflammation and tissue injury [66], and
recently, many studies have suggested that HMGB1 acts as an inflammatory trigger in
autoimmune diseases working as a DAMP [67]. Although the receptor for advanced glycation
end products (RAGE) was the first HMGB1 receptor to be identified, this interaction alone
could not justify all of the observed effects of HMGB1 [68]. Many relevant reports have shown
that HMGB1 binds not only to RAGE, but also to TLRs [69]. The group of receptors that respond
to HMGB1 is still expanding and includes cell membrane expressed TLR4 and TLR2 and
endosomal TLR3, TLR7, and TLR9 [70].

To date, the main TLRs implicated in HMGB1 signaling are TLR2 and TLR4, although it is
unknown if these receptors are acting independently or together. HMGB1 function is altered
in diabetes, and the signaling systems triggered by this protein are not completely understood.
The levels of TLRs and HMGB1 have been shown to be increased in patients with T1D [71],
and HMGB1 is highly expressed in the cytoplasm of the islets in diabetic mice compared with
nondiabetic controls. Furthermore, HMGB1 has been observed to increase in the cytoplasm of
the islets during the progression of diabetes [72], and the augmented expression of this protein
was observed in the retinas of diabetic patients with retinopathy [73].

HMGB1 polypeptide by itself has a weak proinflammatory activity, but it acquires proinflam‐
matory activity through binding to proinflammatory mediators [74]. It is of interest to note
that high glucose concentrations upregulate HMGB1, a ligand to TLR2 and TLR4 known to
produce inflammation through NF-κB activation in human endothelial cells [69]. A recent
study showed that while infusion of small amounts of glucose results in oxidative and
inflammatory stress in patients with T1D, insulin infusion exerts an anti-inflammatory effect
by suppression of TLRs and HMGB1 in mononuclear cells of T1D patients [75]. Moreover, it
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has been suggested that the activation of TLR4 and RAGE by HMGB1 mediates injury and
inflammation by the activation of NF-κB in response to hyperglycemia [68]. A study using
NOD mice to address the significance of HMGB1 in the natural history of diabetes showed
that HMGB1 interacts with TLR4 in isolated islets. By examining the effects of anti-TLR4
antibodies on HMGB1 cell surfacing binding, the authors suggested that TLR4 is the main
receptor for HMGB1 on beta-cells and that HMGB1 may signal through TLR4 to selectively
impair beta-cells during the progression of T1D [72]. Overall, a considerable body of evidence
suggests that a complex set of mechanisms involving HMGB1, RAGE, and TLRs play a
significant role in the development of chronic inflammation in diabetes [68].

On the other hand, many studies have shown that HMGB1 has angiogenic properties in
promoting endothelial cell sprouting and migration under hypoxic and necrotic conditions
[76-77]. There are data suggesting that release of HMGB1 in wounds initiates TLR4-dependent
responses that contribute to neovascularization [78]. In addition, research on the transcrip‐
tional profiles of angiogenic endothelial cells has revealed HMGB1 as a promising angiogenic
factor [79]. Conversely, a potential role for HMGB1 in atherosclerosis [80] is possible, shown
by increased HMGB1 expression in atherosclerotic lesions compared with normal arteries.
Under some circumstances, HMGB1 may act as a double-edged sword, but it appears that
HMGB1 as a ligand for TLRs in T1D plays a detrimental action. Despite these apparent
conflicting results, HMGB1 has a central role in mediating local and systemic responses to
several stimuli, is involved in TLRs pathways, and may have therapeutic relevance in T1D.

4.2. HSPs

Heat shock proteins (HSPs) were originally identified as a set of proteins that are upregulated
by increases in temperature [81]. These proteins were named for their apparent molecular
weight, for example, HSP70 and HSP60, and have been shown to be among the most highly
conserved proteins in the cell. Some HSPs, like HSP60s, are already abundant proteins that are
further upregulated during stressful conditions. Other HSPs, like HSP70, have homologues
that are constitutively highly expressed (sometimes referred to as HSC70s) and other homo‐
logues that are stress inducible. Most HSPs function as molecular chaperones that assist in the
folding of newly synthesized, misfolded, or damaged proteins. Their requirement in protein
folding helps to explain the important role of HSPs in both stress and nonstress conditions and
the high degree of HSP conservation.

In addition to their primary role in intracellular protein folding, HSPs have been co-opted in
a variety of other pathways. HSPs play an important role in cellular pathways involving
cellular growth, division, and apoptosis. HSPs have also been implicated in various aspects of
immune system modulation [82]. For example, HSPs have been shown to be involved in
antigen presentation through their ability to bind and traffic proteins and peptides.

While their primary function is inside the cell, during stress, HSPs can be expressed on cell
surfaces or secreted. One of their extracellular functions is the cross presentation of various
antigens that they can bind. In addition, extracellular and purified HSP70 and HSP60 have
been shown to bind to TLR2 and TLR4, which results in NF-κB activation in a MyD88 and
CD14-dependent manner [83]. HSPs can activate immune cells, including B cells, NK cells,
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DCs, macrophages, and T cells. However, these results have been somewhat controversial as
some HSP preparations have been shown to be contaminated with bacterial molecules,
including LPS. Nevertheless, the abundance of HSPs, their high level of conservation, and their
roles in cellular stress and inflammation may all help to explain why HSPs have been classified
as important components of DAMP signals.

HSP60 and HSP70 have been implicated as key players in T1D. Both mouse models of T1D
(NOD mice) and human patients have T cells that recognize and are activated by HSP60 and
HSP70 [84-86]. These activated T cells then go to the pancreatic islets and recognize self HSP60
as an autoantigen. Extracellular HSP70 levels are positively correlated with insulin resistance
in vivo and can cause β-cell dysfunction and death in vitro [87]. In mouse models, exogenous
HSP60 and immunogenic peptides from HSP60 have been shown to alter the effects of T cells
and prevent further β-cell destruction [88]. One peptide, in particular, DiaPep277, has shown
promise in phase II clinical trials [89-90]. Phase III clinical trials using this peptide have been
completed, but problems with the data analysis have surfaced and a new analysis of the clinical
data is currently underway and expected to be completed soon [91-92]. HSP60 and HSP70 have
also been implicated in complications of T1D, including atherosclerosis, indicating that they
may have multiple roles in T1D [93-95].

4.3. GAS6

Growth arrest-specific 6 (GAS6) protein is another endogenous ligand of TLR2 and TLR4 that
has been studied in experimental models of diabetic nephropathy [96], which is the most
common cause of end-stage renal diseases, affecting 30% of T1D patients [97]. GAS6 and its
receptor Axl play a key role in the development of glomerular hypertrophy, a hallmark of the
early phase of nephropathy. In diabetic rats, it has been demonstrated that GAS6/Axl mediates
glomerular hypertrophy during diabetes [96]. However, there is a paucity of information about
the association of GAS6 and TLRs, and the involvement of GAS6 as a ligand for TLRs in T1D
is unknown. Recently, analyzing the levels of ligands of TLR2 and TLR4 in mononuclear cells
isolated from blood samples collected in patients with T1D, Deveraj and coworkers showed
increased levels of HSP60 and HMGB1, but no significant difference in the levels of GAS6
between T1D diabetic group and their matched controls [71]. Therefore, further studies are
necessary to clarify if there is a link between GAS6 and TLRs in the pathogenesis of T1D.

5. Targeting TLRs to manage T1D

Studies into the mechanisms behind disease progression have tended focus on identifying the
important cell types and pathways involved in T1D. Definitely, TLR pathways are involved
in T1D, making these receptors a tempting immune-based therapeutic intervention to handle
T1D. TLR2 and TLR4 have a potential role in mediating inflammation and consequently, the
complications associated with diabetes, mainly vascular damage, making them attractive
targets. The deficiency of TLR4 as well as TLR2 is associated with reduced atherosclerosis and
inflammatory state in diabetic mice [30, 98]. Treatment with a TLR4 antagonist was shown to
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inhibit vascular inflammation and atherogenesis in STZ-induced ApoE-/- diabetic mice, as well
as lower serum cholesterol and triglyceride levels in nondiabetic ApoE-/- mice [99]. It has been
shown that TLR9-/- NOD mice present a delay in the onset of diabetes with decreased IFN-α
production and decreased diabetogenic CD8 T cells in pancreatic lymph nodes. Moreover, the
addition of a TLR9 antagonist oligodeoxynucleotide or chloroquine inhibited bone-marrow-
derived DCs activation and CD8 T cells priming in response to CpG, an agonist of TLR9
[100].

Conversely, TLR agonists have been successfully used in NOD mice to delay T1D by inducing
tolerogenic responses [39, 101]. The TLR2 agonist Pam3CSK4, when administered chronically
in NOD mice, inhibits the development of T1D. Also, diabetogenic T cell priming of DCs was
attenuated by chronic treatment with Pam3CSK4, suggesting DC tolerance [20]. Furthermore,
the combination of TLR2 tolerization and inhibition of dipeptydil peptidase 4 (DPP4), which
has been demonstrated to ameliorate STZ-induced diabetes by increasing beta-cell mass [102],
can reverse early-onset diabetes in NOD mice [101].

Briefly, two contradictory possibilities have been considered regarding TLRs as a target to
manage T1D. One is based on the belief that TLRs mediate T1D onset and its complications.
Therefore, targeting these receptors using antibody treatment, pharmacological antagonist, or
genetic approaches could minimize diabetes complications and decrease inflammation. The
second possibility is based on the strategy of inhibiting T1D by tolerance mechanisms. There
are scientific reports for both possibilities, making these receptors an attractive future option
for treatment of T1D. However, the exact role of TLRs in the pathogenesis of T1D is not
completely understood and the initial event of T1D is not revealed. Therefore, therapeutic
approaches for T1D using TLR targeting remain a mere theoretical alternative.

6. Conclusion

The idea that the upregulation of TLR pathways, under some circumstances, leads to the
induction of proinflammatory responses, and islet destruction is consistent with emerging data
in animal models of T1D. In addition, a large body of evidence suggests increased TLR activity
in diabetic patients, and these receptors have been suggested to be involved in the pathogenesis
of diabetic vasculopathies. Therefore, therapeutic strategies to prevent TLR-mediated inflam‐
mation in T1D via modulation of either receptors or their DAMPs ligands can be a welcome
addition to the available approaches to deal with T1D and diabetic vascular complications.
However, targeting TLRs themselves using approaches such as antagonists could pose the risk
of compromising host immunity. In addition, while some antigen-based immunotherapies
targeting TLR ligands have proven to be protective against T1D development in animal
models, these protocols might not be successfully adaptable to human diabetic patients at the
time of diagnosis due to the nature of pathogenic and tolerogenic antigen selection in animal
models and human individuals [103].

In fact, there exist number crucial questions regarding TLRs and T1D mechanisms that remain
to be addressed. One of the major questions is do TLR pathways promote the initiation or
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targeting TLR ligands have proven to be protective against T1D development in animal
models, these protocols might not be successfully adaptable to human diabetic patients at the
time of diagnosis due to the nature of pathogenic and tolerogenic antigen selection in animal
models and human individuals [103].

In fact, there exist number crucial questions regarding TLRs and T1D mechanisms that remain
to be addressed. One of the major questions is do TLR pathways promote the initiation or
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effector phase of diabetes, or both? A more complete understanding of how the innate immune
system via TLRs can modulate autoimmune responses to beta-cell antigens, as well as the
mechanisms by which these receptors are contributing to triggering and tuning T1D is crucial,
not only because this information can lead to clear elucidation of the role of the innate immune
system in TD1 but also because it may clarify whether TLRs can be used as an innovative
clinical approach to manage or prevent this disease.
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Abstract

Up until recently, the prevailing dogma was that insulin secretion ceased within a
couple of years after the diagnosis of type I diabetes, a clinical time period called the
honeymoon. But a series of recent studies have established that release of C-peptide,
which is the best measure of endogenous insulin production, can commonly persist
for decades after disease onset. The release of C-peptide, even at low levels, is shown
to have functional and clinical significance. For example, C-peptide levels >10 pmol/l
are associated with fewer diabetes complications, i.e., nephropathy, neuropathy, foot
ulcers, and retinopathy. The diabetic population may also be heterogeneous in risk for
fall in C-peptide, with early age of diabetes onset a risk factor for more rapid C-pep‐
tide decline. The persistence of insulin release for decades and its functional and clini‐
cal significance suggest that assays for C-peptide should be a regular part of diabetes
management. Furthermore, patients with established diabetes should be eligible to
participate in clinical trials of immune therapies since preservation of these low levels
appears clinically important to prevent complications.

Keywords: Type 1 diabetes, C-peptide, insulin secretion, complications

1. Introduction

1.1. Background

The reigning view of the type I diabetes field had been until recently that the pancreas
commonly stops secreting insulin within a number of years of diagnosis. The so-called
honeymoon period post disease onset has been explained to patients since the seminal
publication in 1986 by George Eisenbarth on the natural history of diabetes [1]. After the
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honeymoon period, patients were cautioned to expect that their pancreas was functionally
inactive as it related to insulin secretion and could no longer be saved. An iconic image
depicting the rapid demise of islet function as measured by C-peptide, which is cosecreted
with insulin, has been a staple for teaching medical students and in continuing education
courses for physicians. And the consequence of the honeymoon period has been that patients
with established disease are routinely excluded from immune intervention trials. Most, if not
all, immunotherapy trials conducted over the past 20 years have excluded all but new-onset
cases of type 1 diabetes under the assumption that the pancreas was not salvageable if the
disease was past the honeymoon period and all insulin secretion has ceased. Indeed, the
current definition of type 1 diabetes by the American Diabetes Association (ADA) is a disease
leading to “absolute insulin deficiency” [2].

Despite this dogma, there were clues questioning the view that the pancreas of type 1 diabetics
ceases function within a short number of years after diagnosis. There had been histological
indications that the islets were not uniformly dead dating back as early as 1902. The pathologist
M.B. Schmidt documented the rare existence of intact islet-like structures in an autopsy of a
child with type I diabetes [3]. Decades later, several other studies from 1959 to 1985 also
documented histologically the existence of occasional intact islet cells among patients at all
stages of disease [3-8]. More recent confirmation of histologically intact islet cells comes from
several studies [9-12]. Nevertheless, these studies did not prompt questioning of the short
honeymoon period because the evidence was only histologic and not accompanied by
functional studies. It was thought by the majority that if the insulin-secreting structures could
be found they lacked functional insulin secretion since it could not be detected.

An early indication of long-term persistence of insulin release was present in 2008 with an
immune interventional trial that compared long-term diabetic serum samples in the traditional
C-peptide assays compared to newer more sensitive C-peptide assays. C-peptide assays are
the best measures of endogenous insulin secretion. C-peptide is cosecreted with insulin in
equimolar amounts by the pancreatic beta-islet cells upon enzymatic cleavage of the prohor‐
mone precursor proinsulin. C-peptide is more advantageous to measure than insulin because
it is unaffected by exogenous insulin treatment, and because the liver metabolizes much of the
insulin secreted into the portal vein, but negligibly metabolizes C-peptide. Insulin’s high
metabolism by the liver means that peripheral insulin levels may not best reflect portal insulin
secretion. C-peptide is also advantageous because its half-life is longer than that of insulin,
circulating systemically at concentrations about five times higher. Low C-peptide can be used
to distinguish type 1 from type 2 diabetes, the latter marked by high levels of C-peptide early
in disease [13].

The immune interventional trial of Bovine Calmette Guerin (BCG) in diabetic patients with
established disease (a mean of 15 years) [14] studied fasting and stimulated C-peptides over a
2-year period. A condition of enrollment in the trial was that there was no fasting or stimulated
C-peptide as measured by traditional C-peptide assay whose lower limit of detection is about
50 pmol/l. To the surprise of all, at the end of the trial all serum was restudied for C-peptide,
this time using ultrasensitive C-peptide assay. All long-term recipients of the immunotherapy,
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as well as placebo patients, had low yet detectable levels of C-peptide at baseline both as fasting
and stimulated and throughout the course of the trial.

2. Persistence and functional significance of C-peptide

This unexpected finding motivated a systematic study of C-peptide levels in 182 diabetic
patients using the ultrasensitive assay. Glycemic levels were also evaluated in a subset of
patients—with normoglycemia at <150 mg/dl and hyperglycemia at >150 mg/dl. Samples from
hyperglycemic patients had significantly higher C-peptide levels than those with normogly‐
cemia [15]. The study found a linear relationship between glycemic levels and C-peptide,
indicating intact islet-cell functioning because higher glycemic levels stimulate release of
insulin. Islet-cell function was intact at C-peptide levels as meager as 2.8 pmol/l. These analyses
revealed that despite low levels of C-peptide, some islet-cell function remains decades after
diagnosis. The release of C-peptide was analyzed according to 5-year disease duration
intervals. C-peptide was found above limits of detection in patients with up to 40 years of
disease duration (Figure 1). As duration increased, C-peptide levels tended to gradually
decline over decades. In order of increasing duration, C-peptide was higher than the detection
limit at rates of 78.9% (0-5 years duration), 59.5% (6-10 years duration), 39.5% (11-20 years
duration), 39.1% (21-30 years duration), 10% (31-40 years duration), and 0% (>40 years
duration). Thus, longer disease duration is related to lower levels of C-peptide production.
The long-term persistence of C-peptide release contradicts the traditional model that C-peptide
disappears 1-2 years or a short time after diagnosis and contradicts the ADA definition of type
1 diabetes as an absolute deficiency of insulin. Also, it was reported that type 1 diabetics with
early age of onset had a faster decay of C-peptide; type 1 diabetics with later onset of diabetes
had slower declines in C-peptide. This suggested that there was age-of-onset variability in the
diabetic population as related to total loss of pancreas function.

A study by Oram and colleagues [16] soon followed and confirmed the long-term persistence
of C-peptide secretion as measured by stimulated urine studies. Studying 74 volunteers, they
found that 73% of patients with type I diabetes of more than 5 years duration (median 29 years)
had detectable C-peptide as measured by electrochemiluminescence assay (detection limit 3.3
pmol/l). To study function, the investigators conducted a mixed-meal tolerance test. C-peptide
levels either rose (n=43) or remained the same (n=11) in response to a meal in all patients with
detectable serum C-peptide in urine. The study concluded that most diabetics with long-term
disease continue to produce low levels of insulin and that a small number of islet cells are still
functional, suggesting that these cells are escaping immune attack or are regenerating. This
study was also of note since the measurement of remaining C-peptide was performed using a
different C-peptide assay from Wang and colleagues, thus decreasing the chance that these
early reports of persistent C-peptide secretion were an artifact of the improved C-peptide
monitoring techniques and assays.

Three other investigative teams, reporting in abstract form, uncovered evidence of the long-
term persistence of C-peptide production in early 2014. Two of the studies also found increased
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output of C-peptide after a mixed-meal tolerance test [17, 18]. The third study was large: it
recruited 944 patients in a population-based study design, finding insulin secretion in long-
duration type 1 diabetics, but the study did not examine islet-cell function [19].

More recently, in late 2014, the rapidly expanding literature confirmed the frequent and long-
term persistence of C-peptide for decades after the onset of type 1 diabetes. McGee and
colleagues evaluated whether clinically relevant concentrations of stimulated C-peptide can
be detected after 30 years in the Diabetes Control and Complications Trial (DCCT) cohorts.
Studying 58 participants, 17% of the enrolled subjects had a definitive response with stimulated
C-peptide greater than 30 pmol/L [20]. Using nonfasting random C-peptides, Davis and
colleagues detected 29% of 919 individuals with remaining C-peptide with a lower limit of
sensitivity of 20 pmol/L in a C-peptide assay [21].

What protects or places at risk type 1 diabetic subjects for improved preservation of C-peptide?
In 1978, Madsbad and colleagues reported on the prevalence of residual beta cell function in
insulin-dependent diabetics in relation to age of onset and duration (21). In 1987, two research
groups found similar associations of early age of onset associated with faster decay of C-
peptide immediately after diabetes onset [22, 23]. Wang and colleagues, using C-peptide assays
with lower limits of detection to 2.5 pmol/L combined with a decades-long evaluation of the
full disease course, confirmed that age of onset was related to long-term preservation for up
to 40 years after diagnosis [15]. Ludvigsson and colleagues studied the decline of C-peptide

Figure 1. The traditional model of type 1 diabetes predicts the pancreas will stop producing C-peptide within a short
time after disease onset, typically 1-3 years. New data now show that a typical course of type 1 diabetes is the long-
term persistence of C-peptide for decades in many type 1 diabetic subjects.
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during the first year after diagnosis of type 1 children and adolescents and reported a faster
decline of C-peptide in younger subjects [24]. Barker and colleagues, in a large 3,668 subject
study for 5 years after diagnosis, more recently demonstrated age at diagnosis of type 1
diabetes was a strong correlate of a more rapid decline of C-peptide function, with young
children again losing pancreas insulin secretion at more rapid rates [25]. Therefore, a very clear
protective factor for a slow C-peptide decay is older age of onset, and a very clear risk factor
for rapid decline in C-peptide is younger age of onset. The only exception to this reproducible
trend is with age of onset of diabetes greater than 40 years of age: C-peptide again starts to
decay faster and these subjects are also notable for the majority having long-standing hypo‐
thyroidism prior to diabetes onset [15].

Should it have been known earlier that the ADA definition of “absolute insulin deficiency” of
type 1 diabetes was wrong, especially as it relates to residual C-peptide over decades, not just
variable fall in C-peptide close to onset? It was known from the Joslin 50-year Medalist Study
that some fortunate type 1 diabetics that lived for at least 50 years with this disease were also
blessed with random C-peptide levels greater than 30 pmol/L [12]. Still it was viewed that these
very fortunate type 1 diabetics were the exception. These data reinforced early the concept that
residual C-peptide was associated with better HbA1c and longevity. Again, using less sensitive
assays with cutoff values of 40-50 pmol/L it was known from the DCCT that only 11% of
patients screened by stimulated C-peptide measurements had any C-peptide at 2 years after
diagnosis [26]. As mentioned earlier, for nearly 100 years histologic studies had uncovered
islet-like structures consistent with the insulin-secreting cells of the pancreas, but without
accompanying functional data of insulin secretion it was difficult to interpret the findings.

3. Do low levels of C-peptide have clinical significance?

Low levels of C-peptide may be produced but do they have any clinical significance? The
answer to the question is a resounding yes, according to recently study that was published [27].
First, the 8-year study replicated—in a much larger sample (n = 1273) than an earlier study—
the findings that the pancreas continued to produce C-peptide for decades after diagnosis was
confirmed. The study also found that fasting C-peptide output, above as low as 10 pmol/L, is
associated with fewer diabetes-related complications (e.g., nephropathy, neuropathy, and
cardiovascular disease). Low levels of C-peptide were also associated with poorer metabolic
control, as captured by HbA1c. The study found that the lowest levels of C-peptide were
associated with severe hypoglycemia. Finally, all levels of measurable C-peptide were
responsive to fluctuations in blood glucose levels as assessed by 1,5-Anhydroglucitol, a marker
responsive to glucose fluctuations. This study complements the work of Lachin and colleagues
that restudied the DCCT subjects, albeit with older C-peptide assays with less sensitivity and
lower limits of sensitivity to 40-50 pmol/L [28]. Regardless, both fasting and stimulated C-
peptide remaining levels were associated in a linear manner to prevention of complications.
This resulted in a conclusion that preservations of stimulated C-peptide greater than 200 pmol/
L has clinical benefit. The Kuhtreiber study suggests that preservation of fasting C-peptide to
the new lower limits of detection of 2.5 pmol/L is even clinically significant.
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The studies finding the long-term persistence of C-peptide help to interpret two puzzling
scientific observations published more than 15 years ago. The first observation was in identical
twins who were discordant for type I diabetes for greater than 20 years who received a hemi-
pancreas transplant from the identical twin [29]. Within several weeks, the half-pancreas
transplant from the healthy twin to the diabetic twin failed. This was unexpected, because
transplants normally are rejected after years, not weeks. The fact that the diabetic twin
mounted an aggressive autoimmune response decades after disease onset and after the
pancreas was thought to be dead indicates functional islet cells still capable of provoking an
autoimmune response. The second observation related to B-lymphocytes: 67% of patients with
disease duration of 10 years were positive for at least one diabetes-associated autoantibody
and 42% of patients tested positive for 2 to 3 autoantibodies [30]. This finding can now be
explained by a primed immune cell attack against residual islet-cell regeneration or long-term
survival.

4. Conclusions

The weight of the evidence from several recent studies now points to viable and functional
islet cells in long-term type 1 diabetes and should refute therapeutic nihilism that, after a short
time after diagnosis, most type 1 diabetics have a pancreas that can no longer produce any
insulin. Instead, low-level insulin release can commonly persist for decades after disease onset
and has functional and clinical significance. Insulin release is best measured by C-peptide,
which is cosecreted with insulin by the beta cells in the islets. C-peptide is preferable to
studying remaining insulin secretion because it is unaffected by exogenous insulin treatment
and now more sensitive assays allow better limits of detection. Maintenance of even low levels
of C-peptide is associated with fewer diabetic complications, better metabolic control (as
captured by HbA1c), and is associated with less severe hypoglycemia. The functional and
clinical significance of even low levels of C-peptide release suggests that patients should be
monitored routinely for C-peptide output combined with other clinical monitors of residual
insulin production. The evidence of viable and functional islet cells decades after diagnosis of
type 1 diabetes and their protection against diabetic complications also suggest that patients
with long-standing disease should not be excluded from immunotherapy clinical trials.
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Abstract

Type 1 diabetes can reduce vision by affecting various parts of the eye. Proactive, in‐
terdisciplinary coordination of treatment and timely referrals can aid in the minimiza‐
tion of visually threatening complications, significantly enhancing patient quality of
life. The main causes of visual impairment in diabetes are proliferative diabetic retin‐
opathy and macular edema. Until recently, the mainstay of treatment for both condi‐
tions was retinal laser, which prevented significant vision loss but was much less
effective at improving vision, especially in macular edema. Over the past decade, ex‐
citing new advances in treating diabetic eye disease, namely intraocular steroid and
antivascular endothelial growth factor injections, have greatly improved the visual
prognosis for the majority of patients with diabetic eye disease.

Keywords: Diabetic retinopathy, Macular edema, Laser, Intraocular injection, Cata‐
ract

1. Introduction

Type 1 diabetes is a complex metabolic disease that involves multiple organ systems which
can cause severe visual impairment. Almost all ocular structures may be afflicted in diabetes
including: the extraocular muscles, the intraocular lens, the optic nerve, and the retina.

Diabetes is the leading cause of blindness between the ages of 20 and 74 in many developed
countries. Individuals with diabetes are 25 times more likely to become legally blind than
individuals without diabetes. The aspect of diabetic eye disease most responsible for vision
loss is diabetic retinopathy, which accounts for ¼ of blind registrations in the Western world
[1,2]. There are two main pathways by which diabetic retinopathy affects vision; fluid
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accumulation in the center of vision, or macular edema, and the formation of pathological
retinal vessels also known as proliferative diabetic retinopathy.

Prevention of severe visual impairment in type 1 diabetes includes: optimal glycemic control,
the treatment of ancillary risk factors such as hypertension, and regular screening for early
diagnosis and treatment of ocular complications.

In the following chapter, we will describe how diabetes affects different ocular structures and
discuss the treatment options available today to combat these complications.

2. Extraocular muscles

Patients with diabetes may present with a sudden onset of diplopia (double vision). This is
usually caused by a paresis of one of the extraocular muscles due to microvascular damage to
the third, fourth, or the sixth cranial nerves [3,4].

When the extraocular muscle deficit is due to microvascular complications of diabetes the
prognosis is good. Recovery of ocular motor function generally begins within three months of
onset and recovery is usually complete. Although the diplopia can be debilitating, due to the
generally limited course of these complaints, patients can usually be effectively managed
conservatively with eye patching. When diplopia is from large divergence of the visual axes,
patching one eye is the only practical short-term solution. When the deviation is smaller, the
diplopia often can be resolved by using glasses with a horizontal or vertical prism or both.
Surgery is rarely indicated.

If patients do not recover from a cranial nerve palsy within 6-12 months, eye muscle surgery
to treat persistent and stable angle diplopia should be considered. These patients should
consult with a neuro-ophthalmologist for continuing care.

3. Intraocular lens: Cataract

Cataract is a common cause of visual impairment in patients with diabetes. The Framingham
study [5] revealed a three- to four fold increased prevalence of cataract in diabetic patients
under the age of 65, and up to a twofold increased prevalence in patients above 65. Duration
of diabetes and quality of glycemic control are the major risk factors for early cataract devel‐
opment [5].

Recurrent high levels of glucose in the lens lead to the glycolation of lens proteins from
increased nonenzymatic glycation and oxidative stress to the lens [6]. This causes diabetic
patients to develop age-related lens changes similar to nondiabetic age-related cataracts,
except that they tend to occur at a younger age [7]. Several studies have analyzed the effect of
vitamin and antioxidant supplements, such as vitamin C, E, and beta carotene and zinc, on
preventing or slowing progression of age-related cataracts in diabetes without showing any
statistically significant benefit with their use [6].
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Early cataracts may cause mild visual impairment that can be managed reasonably with
spectacle correction. Cataract surgery is indicated when visual function is significantly
impaired by the cataract or if the cataract obscures the view of the retina and makes the
diagnosis and treatment of diabetic retinopathy difficult.

Cataract surgery is safe in diabetic patients and there is a 95% success rate in terms of improved
visual acuity [6]. Good glycemic control, fluid and electrolyte balance should be maintained
perioperatively and the patient’s treating physician and anesthesiologist should be involved
in the process. It is recommended that the surgery be scheduled in the morning to minimize
changes in the patient’s usual schedule [8].

Some controversy exists regarding a potential association between cataract surgery and a
subsequent worsening of diabetic retinopathy. Patients should be made aware of this risk
preoperatively. Cataract surgery and its effect on diabetic retinopathy will be discussed in
more detail in section 7.3.2.

4. Cornea

Corneal disorders secondary to diabetes (diabetic keratopathy) are increasingly recognized as
a cause of ocular morbidity associated with diabetes. Patients with diabetes have structural
changes of the corneal basement membrane that contributes to defects in the adhesion of
corneal epithelial cells to the deeper stromal tissue [9]. This increases the risk of recurrent
corneal erosions. In addition, accumulation of sorbitol in the cornea during periods of
hyperglycemia leads to hypoesthesia (a loss of corneal sensation). Both hypoesthesia and
epithelial adhesion dysfunction occur more frequently with increased severity and duration
of diabetes. In patients with more long-standing or advanced diabetes, any corneal epithelial
injury, either from trauma, during ocular surgery or from routine contact lens use, may result
in prolonged healing times. This increases the risk of severe complications such as bacterial
infiltration and ulceration.

Treatment of diabetic keratopathy is multifaceted, including artificial tears for mild cases, and
the use of topical antibiotics, a bandage contact lens, eye patching, or closure for more severe
cases.

5. Iris

Rubeosis iridis, neovascularization of the iris, is a serious complication of diabetes which
occurs in patients with severe diabetic retinopathy [3]. Severe retinal ischemia stimulates the
formation of numerous intertwining blood vessels on the anterior surface of the iris. These
vessels can block aqueous outflow from the anterior chamber, leading to a sharp and persistent
rise in intraocular pressure. This complication is known as neovascular glaucoma. This type
of glaucoma is hard to treat and is often associated with pain from very high ocular pressure.
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Topical medical therapy used commonly in other forms of glaucoma is less effective. Treatment
should include aggressive control of the underlying diabetic retinopathy. The treatment of
diabetic retinopathy will be discussed in more detail in section 7.

6. Retina – Diabetic retinopathy

Damage to the retinal capillaries, known as diabetic retinopathy, is the hallmark of diabetic
eye disease. This condition is the major cause of blindness and visual disability in patients with
type 1 diabetes.

There are two main pathways by which diabetic retinopathy can reduce vision: macular edema
and proliferative retinopathy. These conditions can appear concomitantly or separately with
the treatment protocol tailored to the relative severity each condition.

Macular edema develops when damaged retina vessels leak fluid and protein. These deposits
collect on or under the macula of the eye where central vision is processed. This causes the
macula to thicken and swell and may distort central vision.

Proliferative retinopathy occurs when diffuse injury to retinal vessels severely impairs retinal
oxygenation. The hypoxia induces the release of proteins which stimulate the growth (or
proliferation) of new, fragile retinal vessels. These new vessels have a propensity to bleed,
which severely reduces vision.

In the following sections, we will discuss how retinopathy and macular edema develop and
the various treatment options available to patients today, with a focus on exciting recent
developments.

6.1. Epidemiology

Diabetic retinopathy is one of the most frequent causes of preventable blindness in working
aged adults (20-74 years) [1,10]. In the USA, an estimated 86% of patients with type 1 diabetes
have some degree of diabetic retinopathy. Data from the Wisconsin Epidemiologic Study of
Diabetic Retinopathy (WESDR) showed that within 5 years of diagnosis of type 1 diabetes,
14% of patients developed retinopathy, with the incidence rising to 74% by 10 years [11,12]. In
people with retinopathy at the WESDR baseline examination, 64% had their retinopathy
worsen, 17% progressed to proliferative diabetic retinopathy (PDR), and about 20% developed
diabetic macular edema during 10 years of follow-up.

The WESDR data in type 1 diabetics showed that 25 years after diagnosis, 97% of patients
developed retinopathy, 43% progressed to PDR, 29% developed diabetic macular edema, and
3.6% of patients younger than 30 at diagnosis were legally blind [11]. The WESDR results also
showed a reduction in the yearly incidence and progression of diabetic retinopathy during the
past 15 years [12]. This may be signaling an improved ocular prognosis for diabetics today,
possibly due to recent advances in glycemic control, ophthalmic treatment, and patient
education.
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The course of diabetic retinal disease in children with type 1 diabetes is fairly benign. Severe
vision-reducing complications are uncommon in children before puberty [13].

6.2. Risk factors

There are several risk factors which influence the development and progression of diabetic
retinopathy. The following list contains most of the important risk factors known today.

Modifiable risk factors:

1. Hyperglycemia: Good glycemic control has been shown to significantly prevent the
development and progression of diabetic retinopathy. Every 1% decrease in hemoglobin
A1C leads to a 40% reduction in the risk of developing retinopathy, a 25% reduction in the
risk of progression to vision-threatening retinopathy, and a 15% reduction in the risk of
blindness [1,14,15].

2. Hypertension: Good blood pressure control is important in reducing the risk of retinop‐
athy. Every 10 mmHg reduction in systolic blood pressure leads to a reduction of 35% in
the risk of retinopathy progression and a reduction of 50% in the risk of visual loss [1].

3. Obesity: Obesity (BMI>30 kg/m(2)) is an important risk factor for diabetic retinopathy
progression in type 1 diabetes, independent of HbA1c levels [16].

4. Smoking: There is some evidence that smoking may be a risk factor in progression of
retinopathy in type 1 diabetes [17].

Nonmodifiable risk factors:

1. Diabetes duration: The longer the duration of diabetes, the higher the risk of developing
diabetic retinopathy and of having a severe manifestation of this disease [1].

2. Genetic factors: The Diabetes Control and Complications Trial [18] showed a heritable
tendency for developing diabetic retinopathy, regardless of other risk factors. The
abnormal development of new blood vessels is regulated by protein called vascular
endothelial growth factor A (VEGF –A). Variation in the sequence of this gene is associated
with the development of severe diabetic retinopathy [19].

3. Ethnicity: Diabetic retinopathy in America is more prevalent among African Americans,
Hispanic and south Asian groups than in Caucasians with otherwise similar risk profiles
[1].

4. Gender: there is an observed gender dimorphism with younger females being at greater
risk for diabetic retinopathy early in the course of diabetes [20] and males demonstrating
greater risk later in life [21].

Other risk factors:

Pregnancy: Pregnancy is associated with worsening of diabetic retinopathy [22]. All pregnant
women need to be closely monitored throughout pregnancy. Pregnancy in type 1 diabetes is
discussed in further detail in section 7.3.1.
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6.3. Pathophysiology

Diabetic retinopathy develops when hyperglycemia and other causal risk factors trigger a
cascade of biochemical changes which damage retinal blood vessels. Hyperglycemia increases
sorbitol levels via the action of aldose reductase increasing oxidative stress by reducing
intracellular levels of reduced glutathione, an important antioxidant [23]. Intracellular
hyperglycemia also increases synthesis of diacylglycerol, an activating cofactor for protein
kinase C (PKC). Activated PKC decreases the production of anti-artherosclerotic factors and
increases production of pro-artherogenic factors, pro-adhesive and pro-inflammatory factors
[23]. As well, intracellular hyperglycemia leads to a rise in intracellular N-acetylglucosamine
levels. This by-product reacts with serine and threonine residues in transcription factors,
resulting in pathologic changes in gene expression [23]. The final by-product of these patho‐
logical processes is increased inflammation and increased oxidative stress, which causes
endothelial cell dysfunction in retinal blood vessels.

Endothelial cell dysfunction induces retinal arteriolar dilatation, which increases capillary bed
pressure. This results in microaneurysm formation, vessel leakage, and rupture [1]. Vascular
permeability is also increased from loss of pericytes and increased endothelial proliferation in
retinal capillaries. The breakdown of the blood–retinal barrier allows fluid to accumulate in
the deep retinal layers where it damages photoreceptors and other neural tissues. This is the
mechanism by which macular edema reduces visual acuity.

In some capillaries there is endothelial cell apoptosis. Vessels become acellular, leading to
vascular occlusion and nonperfusion of local retinal tissue [23]. The resultant retinal ischemia
promotes the release of inflammatory growth factors, such as vascular endothelial growth
factor, growth-hormone-insulin growth factor, and erythropoietin [1]. These factors influence
neovascularization, the growth of new capillaries, which are generally ineffective in improving
tissue oxygenation as they often grow up toward the vitreous cavity.

6.4. Clinical features and classification

Diabetic retinopathy is classified as nonproliferative diabetic retinopathy (NPDR) when the
vascular changes are limited to the retinal surface. It is classified as proliferative diabetic
retinopathy (PDR) in the more advanced stage when new blood vessels form, which grow
from the retinal surface up toward the vitreous cavity.

Diabetic macular edema occurs when leaky capillary beds allow fluid to accumulate in the
part of the retina responsible for central vision. This complication can occur in patients with
any level of underlying retinopathy from mild NPDR to severe PDR. Visual impairment is
usually related to the state of macular disease and the consequences of neovascularization such
as vitreous hemorrhage and retinal detachment. As such, the level of retinopathy does not
always correlate with visual function, and severe diabetic retinopathy can be present initially
without significant visual loss.

6.5. Diabetic macular edema

Diabetic macular edema (DME) is the complication of retinopathy responsible for most of the
moderate visual loss in retinopathy patients. The loss of vision is often very mild at first, but
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without effective treatment it can progress and patients can lose the ability to perform activities
of daily living such as reading and driving. Diabetic macular edema is assessed separately
from the stage of retinopathy (NPDR/PDR) and it can manifest along a different and inde‐
pendent course.

The edema evolves when damage to the macular capillary bed causes increased retinal
vascular permeability and fluid accumulation in the macula. Clinical examination can reveal
rings of hard exudates (lipid-filled macrophages) that delineate the area of focal leakage.

Optical Coherence Tomography (OCT) is a useful ancillary imaging technique in DME. Recent
technological advances in OCT technology have provided physicians with high-resolution
images of the retina in cross-sectional slices. Aside from demonstrating areas of retinal
thickening and intraretinal fluid, OCT obtains quantitative measurements of central retinal
thickness. Serial OCT examinations are often used as a noninvasive and accurate method
analyzing treatment response in DME patients [1].

Figure 1. Normal OCT of the macular region.

Figure 2. Macular edema: The OCT demonstrates the disruption of the normal macular anatomy due to macular edema.

Figure 3. Posttreatment OCT: The same patient as in Figure 2 after treatment with intravitreal injections. The edema
has been reabsorbed.

Management of Diabetic Retinopathy and Other Ocular Complications in Type 1 Diabetes
http://dx.doi.org/10.5772/61276

37



6.5.1. Nonproliferative Diabetic Retinopathy (NPDR)

In NPDR, the retinal microvascular changes do not extend beyond the surface of the retina.
Clinical findings include microaneurysms (saccular enlargements of weakened capillaries),
intraretinal hemorrhages, hard exudates (lipid-filled macrophages), cotton wool spots (nerve
fiber layer infarcts), venous dilatations, and intraretinal microvascular abnormalities (dilated
preexisting capillaries) [1,10].

NPDR is classified as mild, moderate, or severe, reflecting the risk of progression to PDR (Table
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6.5.2. Proliferative Diabetic Retinopathy (PDR)

Diabetic retinopathy advances to the proliferative stage when new vessels (neovasculariza‐
tions) are formed which grow up from the retinal surface toward the vitreous cavity. The
growth of these vessels is potentiated by the progression of diabetic retinal microvascular
disease, causing severe retinal ischemia. This induces the release of proangiogenic factors
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which promote the growth of these pathological vessels. Neovascularizations can be identified
clinically as a jumble of disorganized, fine vessels emanating from the organized retinal vessel
architecture. Angiography is also very effective at identifying neovascular lesions as the new
vessels are porous and leak fluorescent dye into the vitreous cavity.

The new vessels in PDR evolve in three stages. Initially, the fine new vessels grow with minimal
fibrous tissue. Then the new vessels increase in gauge and length with an increased fibrous
component. Finally, the vessels regress and the residual fibrovascular tissue along the posterior
surface of the vitreous body contracts.

Retinal neovascularizations (NV) are divided into two subtypes based on their relative risk of
causing severe visual loss as demonstrated by the Diabetic Retinopathy Study (DRS). Vascular
proliferations on or near the optic disc are termed NV-disc (NVD) and proliferations elsewhere
are termed NV-elsewhere (NVE). The presence of NVD carries the higher risk of severe visual
loss and requires more urgent treatment [25,26].

Figure 5. Neovascularization on the optic disc (NVD): The growth of fine new blood vessels can be seen on the optic
disc. Urgent treatment is indicated to reduce the risk of vitreous hemorrhage.

Management of Diabetic Retinopathy and Other Ocular Complications in Type 1 Diabetes
http://dx.doi.org/10.5772/61276

39



PDR is graded from early to high risk according to the extent of the neovascular proliferations.
The DRS [25,26] defined high-risk PDR as the presence of either: NVD with a vitreous
hemorrhage, NVD larger than a quarter disc area without vitreous hemorrhage, or NVE larger
than half disc area with vitreous hemorrhage. Without treatment, patients with early PDR have
50% risk of developing high-risk PDR in 1 year and those with high-risk PDR have a 25% risk
of severe visual loss within 2 years. Treatment of PDR involving extensive peripheral laser
ablation of the retina is discussed section 7.2.3.

The most common complication of PDR is vitreous hemorrhage caused by bleeding from the
pathological neovascular vessels. Retinal detachments can also occur from the contraction of
the neovascular tissue connecting the retinal surface to the vitreous.

Visual acuity in the absence of macular disease is often very good in PDR until a complication
occurs; most commonly vitreous hemorrhage. This sudden transition from good vision to near
blindness is often traumatic for patients who were unaware of the severity of their diabetic eye
disease.

Figure 6. Vitreous hemorrhage with a neovascularization of the optic disc (NVD): The fragile blood vessels of the NVD
have ruptured and a vitreous hemorrhage has collected, partially obscuring the macula and severely limiting vision.
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Clinical Features Progression Risk

Mild NPDR Few microaneurysms 5% progress to PDR within 1 year

Moderate NPDR Microaneurysms and other
microvascular lesions

12-16% progress to PDR within 1 year

Severe NPDR (Meets 1 of 3 criteria) • Extensive intraretinal hemorrhages
and microaneurysms in all four
quadrants
• Venous beading in two or more
quadrants
• One IRMA

52% progress to PDR within 1 year
15% progress to high risk PDR within
1 year

Very severe NPDR Any two of the features
of severe NPDR

75% progress to PDR within 1 year
45% progress to high risk PDR within
1 year

Early PDR 50% risk of developing high risk PDR
in 1 year

High risk PDR 25% risk of severe visual loss within 2
years

Table 1. Clinical classification of nonproliferative and proliferative diabetic retinopathy

Figure 7. Traction Retinal Detachment: The neovascular tissue emanating from the optic disc and elsewhere has re‐
gressed leaving behind white fibrous tissue. This tissue has contracted and is distorting the retina in the macular re‐
gion.
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7. Treatment of diabetic retinopathy

The main goal of treatment of diabetic retinopathy is to prevent complications that can lead to
vision loss. Treatment should include both ocular therapy and systemic medical intervention.

7.1. Medical treatment

Hyperglycemia, hypertension, and hyperlipidemia are known risk factors for the development
and progression of diabetic retinopathy. Treating and controlling these factors is crucial to
preventing and limiting disease progression.

The Diabetes Control and Complications Trial [14] showed that intensive glycemic control
reduced both the risk of developing retinopathy and the rate of progression of existing
retinopathy. Intensive glycemic control reduced the risk for progression to severe NPDR and
PDR, and the incidence of diabetic macular edema. Every percent reduction in hemoglobin
A1C lowers the risk of retinopathy development by 30-40%.

Antihypertensive treatment with ACE (angiotensin-converting enzyme) inhibitors can slow
progression of diabetic nephropathy. The EUCLID study [27] investigated the effect of
Lisinopril on progression of retinopathy in normotensive type 1 diabetics. They found that
Lisinopril can decrease retinopathy progression in nonhypertensive patients who have type 1
diabetes with little or no nephropathy, although the mechanism is unclear. Unfortunately,
other studies investigating the effect of ACE inhibitors on the progression of DR in type 1
diabetics have shown no significant benefits.

7.2. Ocular therapy

Ocular therapy in diabetic retinopathy includes panretinal or focal laser photocoagulation,
intravitreal injections of either steroids or inhibitors of Vascular Endothelial Growth Factor
(VEGF), surgery, or a combination of the aforementioned treatments. The suitable treatment
regimen must be tailored individually for each patient and is based on clinical status of the
patient (ocular and systemic), previous treatments, and data from the several reported and
ongoing studies.

7.2.1. Diabetic macular edema treatment

Treatment options for diabetic macular edema (DME) include focal laser photocoagulation,
intravitreal injections of either steroids or anti-VEGF compounds, and surgery.

7.2.1.1. Focal laser treatment

Until recently, the mainstay of DME treatment was macular laser photocoagulation. Treatment
criteria are based on the ETDRS recommendations [24], which showed that eyes with macular
edema involving or adjacent to the central macula, defined as clinically significant macular
edema (CSME), benefited from macular laser treatment. Laser treatment reduced the risk of
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moderate visual loss (loss of three lines of vision) by 50% over 2 years compared with no
treatment [24].

Macular laser treatment for CSME involves the application of discrete laser burns to areas of
leakage in the macula. The treatment is not painful and can be repeated up to every 4 months.

Side effects of macular laser photocoagulation include: visual field loss, choroidal neovascu‐
larization, subretinal fibrosis, and inadvertent foveolar burns [10].

Modified photocoagulation techniques have been developed in response to these potential
complications. The target of macular laser treatment for CSME is retinal pigment epithelium
(RPE). Ideally, the laser energy would be absorbed only by the RPE and not spread to the
surrounding tissues. Unfortunately, in conventional argon laser photocoagulation visible
burns are created, indicating damage to the inner neural retina from the spread of thermal
energy beyond the RPE.

Subthreshold diode laser micropulse (SDM) therapy delivers short pulses, which cause less
thermal damage. Shorter laser exposure times confine the laser energy to a smaller zone,
inflicting less damage on the neural retinal and choriocapillaries. SDM laser has been shown
to be as effective as a conventional laser with fewer side effects [28].

7.2.1.2. Steroid injections

Inflammatory factors play an important role in the development of diabetic retinopathy.
Upregulation of adhesion molecules in blood vessels leads to leukostasis and the accumulation
of macrophages in the retinal vessels. These macrophages release angiogenic growth factors
[29] and cytokines which increase vascular permeability. Glucocorticoids block the action of
these macrophages and downregulate ICAM-1, which mediates leukocyte adhesion and
transmigration [30].

In addition, glucocorticoids alter the composition of endothelial basal membrane by changing
the local ratio of two laminin isoforms [31], suppressing basement membrane dissolution, and
strengthening tight junctions to limit permeability and leakage that cause macular edema [32].
For this reason, it has long been thought that ocular steroid injections may be beneficial in DME
treatment.

Intravitreal triamcinolone acetonide

Triamcinolone acetonide (TA) is a synthetic steroid of the glucocorticoid family with a
molecular weight of 434.50. In 2001–2002, the first reports were published of the use of
intravitreal injection of triamcinolone acetonide for DME [33,34]. The most common dose used
is 4 mg.

Sutter et al. [35] reported in a prospective, double-masked, and randomized trial comparing
4 mg intravitreal TA with sham injection (saline). This study reported that 55% of 33 eyes
treated with 4 mg of intravitreal TA improved by 5 or more letters of vision at 3 months
compared with 16% of 32 eyes treated with sham injection.
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The DRCR.net (diabetic retinopathy clinical research network) protocol I [36] studied the use
of 4 mg TA combined with macular laser. It found that TA combined with laser significantly
improved vision over macular laser alone in patients who had previously undergone cataract
surgery. In patients who had not previously undergone cataract surgery TA was much less
effective.

Potential side effects of corticosteroid injections include cataract formation and glaucoma.
Moreover, as the treatment effect wanes, patients require repeated injections that increase the
glaucoma and especially the cataract risk.

Instead of intermittent bolus therapy, it is thought that sustained release of a lower-dose
glucocorticoid may lead to greater efficacy with fewer complications. This has led to the
development of slow-release steroid implants.

Dexamethasone intravitreal implant

Dexamethasone is a strong synthetic member of the glucocorticoid class of steroid, with an
anti-inflammatory and immunosuppressant activity 30 times greater than cortisol and 6 times
greater than triamcinolone.

A sustained-release intravitreal dexamethasone (DEX) implant (Ozurdex®, Allergan Inc,
Irvine, CA) is biodegradable and is placed in the vitreous cavity using a 22-gauge applicator
through a small self-sealing puncture.

Dexmathasone implants have been examined in several large studies; The PLACID study [37]
compared a DEX implant (0.7 mg) to treatment with focal laser. This 1-year study did not show
a statistically significant visual improvement with the DEX implant.

The MEAD study [38] combined the results of two multicenter 3-year sham-controlled,
masked, randomized clinical studies comparing DEX injection to focal laser treatment. Patients
receiving the 0.7 DEX implant required mean of 4.1 injections over 3 years. The average visual
improvement with the 0.7 mg DEX implant was +6 letters versus +1 letter with focal laser. Rates
of cataract-related adverse events in phakic eyes were 67.9% and 20.4% in the DEX implant 0.7
mg, and sham groups, respectively. Two patients (0.6%) in the DEX implant 0.7 mg group
required trabeculectomy for severe glaucoma. Based on the MEAD study, the Food and Drug
Administration (FDA) approved DEX implants for use in DME.

Fluocinolone acetonide

Fluocinolone acetonide is a corticosteroid with average mass of 452 Da. ILUVIEN is a non‐
bioerodable intravitreal implant in a drug delivery system containing fluocinolone acetonide.
The fluocinolone acetonide (FA) intravitreal implant [39] is administered in the clinic using a
25-gauge inserter designed to release the drug slowly over 36 months. Unlike the DEX implant,
it is not bioerodable.

The FAME studies [40] were two phase 3 clinical trials examining the effect of long-acting
fluocinolone acetonide inserts in patients with DME. Patients were randomized in a 2:2:1 ratio
to the 0.2 µg per day FA implant, the 0.5 µg per day FA implant, or sham injection (saline).
The mean improvement in BCVA letter score between baseline and month 24 was 4.4 and 5.4
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in the low- and high-dose groups, respectively, compared with 1.7 in the sham group. Cataract
extraction was performed 74.9% of all phakic subjects at baseline in the low-dose insert group
and 84.5% in the high-dose insert group compared with 23.1% in the sham group.

Severely elevated intraocular pressure requiring glaucoma surgery occurred in 8.1% of
patients in the high dose group, 5.8% of patients in the low dose group, compared only 0.5%
in the sham treatment group [40].

This FA implant was approved in Europe (Austria, France, Germany, and Portugal) for the
treatment of DME unresponsive to all other therapies. However, it was recently denied
approval for this use by the US FDA, due to concerns centering on the high risk of severe
glaucoma.

7.2.1.3. Anti-vascular endothelial growth hormone compounds

Vascular Endothelial Growth Hormone (VEGF) is a subfamily of growth factors produced by
hypoxic cells that act as signal proteins to stimulate angiogenesis and vascular permeability.
One of the main drivers of diabetic eye disease is damage to retinal blood vessels leading to
tissue ischemia [41]. Hypoxic cells are then stimulated to release VEGF. Unsurprisingly,
elevated levels of VEGF have been demonstrated in the eyes of patients with diabetic retin‐
opathy [42,43]. Elevated VEGF stimulates both retinal vessel proliferation and increased
vascular permeability producing the macular edema seen in diabetic eye disease [44].

The injection of anti-VEGF agents to the vitreous is both effective and safe. Adverse ocular
effects with an incidence rate of less than 1% and include: cataract formation, retinal detach‐
ment, vitreous hemorrhage, and infection. Potential systemic adverse effects include: hyper‐
tension, stroke, and myocardial infarction but these are very uncommon [45]. Although there
is a theoretical risk for arterial thromboembolic events in patients receiving VEGF-inhibitors
by intravitreal injection, the observed incidence rate has been low in all studies and similar to
that seen in patients randomized to placebo [1,46].

Over the past 10 years, anti-VEGF agents have become the first line of therapy in treating DME.
There are three commercially available anti-VEGF agents: (i) Ranibizumab, (ii) Bevacizumab,
and (iii) Aflibercept.

Ranibizumab

Ranibizumab (Lucentis®; Genentech, South San Francisco, California) is a humanized
monoclonal antibody fragment directed at all isoforms of VEGF-A. Ranibizumab contains only
the Fab fragment of the parental anti-VEGF antibody with weight of 48 kDa. Several large
clinical trials have investigated the role of Ranibizumab in the treatment of diabetic macular
edema.

READ-2 [47] was a 6-month multicenter trial where patients were randomized in a 1:1:1
fashion to macular laser; monthly Ranibizumab; or a combination of laser and monthly
Ranibizumab. At 6 months, the combination therapy and Ranibizumab-only groups gained
3.80 and 7.2 letters at month 6, respectively, compared with no change in the laser only group.
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RESTORE [48] was a similar 12-month phase 3 clinical trial which compared Ranibizumab to
both laser alone and to laser combined with Ranibizumab. All patients receiving Ranibizumab
received three initial consecutive monthly injections followed by pro re nata (PRN, as needed)
injections as determined at the monthly examination. At month 12, both the Ranibizumab alone
and Ranibizumab with laser groups improved by 6 letters, while the laser alone group
remained nearly unchanged. Patients required a mean of seven Ranibizumab injections and
the change in vision was statistically significant.

As the data supporting Ranibizumab supplanting laser for primary treatment of center-
involving DME grew, many physicians were unsure of the continuing role of focal laser in
DME. To answer this among other questions, the DRCR.net [49,50] performed a randomized
trial which notably compared two methods of combining adjuvant laser with Ranibizumab
injections. In one arm of the study (prompt laser), focal laser was given to all the patients at
initiation and repeated every 4 months as needed. In the other arm (delayed laser), focal laser
could only be added if the edema persisted beyond 24 weeks of monthly Ranibizumab
treatment. After 3 years of follow-up, the average gain in the prompt laser group was 7 letters
compared with 10 letters in the delayed laser group. Based on these results, it is generally
accepted that treatment for center-involving DME should begin with an anti-VEGF agent.
Focal laser may be added only if the edema is persistent despite several consecutive anti-VEGF
injections. The FDA approved Ranibizumab for treatment of DME in 2012.

Bevacizumab

Bevacizumab (Avastin®; Genentech, South San Francisco, California) is a full-length recombi‐
nant humanized monoclonal immunoglobulin G1κ antibody weighing 149 kDa which
inactivates all VEGF isoforms. It was FDA-approved in 2004 as a treatment for colon cancer.
However, as emerging evidence pointed to VEGF as a central player in DME, ophthalmologists
began to use bevacizumab as an “off-label” treatment.

One of the criticisms of Bevacizumab use is that it has not been specifically formulated for
ocular use. Bevacizumab is sold in large vials intended for intravenous uses and compounding
pharmacies aliquot the medication into prefilled syringes for ocular use. Although there have
been case reports of contamination due to this extra step in the preparation process, the safety
of Bevacizumab for ocular use has been well established in trials for Age-related Macular
Degeneration with a side-effect profile similar to Ranibizumab [51].

Bevacizumab has yet to be approved by the FDA for use in DME. Despite this it is used in
many jurisdictions because of its efficacy and its significantly lower cost compared with
Ranibizumab. One study [52] estimated the cost of treating DME with Ranibizumab was 20-
fold higher than treating with Bevacizumab.

BOLT [53], a 2-year trial comparing bevacizumab monotherapy with focal laser, is the best
randomized trial supporting the use of Bevacizumab for center-involving DME. Eighty
patients with center-involved DME were randomized to receive either every 6-weekly
intravitreal bevacizumab injections (1.25 mg) or focal laser monotherapy.

At 2 years, there was a mean gain of 8.6 letters for Bevacizumab alone compared with a mean
loss of 0.5 letters in the laser group.
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Aflibercept

Aflibercept (EYLEA®-Regeneron Pharmaceuticals, Tarrytown, New York, NY, and Bayer
Healthcare Pharmaceuticals, Berlin, Germany) is a 115-kDa anti-VEGF agent. This protein was
developed by combining the extracellular binding domains of VEGF receptors1 and 2 to the
Fc segment of human immunoglobulin-G1.Similar to Ranibizumab and Bevacizumab,
Aflibercept binds to all isomers of the VEGF-A family.

The phase II DA VINCI [54] trial compared two doses of Aflibercept, 0.5 mg and 2.0 mg, to
laser treatment. The average improvement in visual acuity at 52 weeks was +11 letters for
monthly 0.5 mg, +13 letters for monthly 2.0 mg and −1 letters for laser alone.

A separate arm of this trial received 3 monthly 2 mg doses followed by a scheduled dose every
8 weeks. Patients in this arm received an average of 7.2 injections per year, as compared with
over 12 for monthly dosing. The average visual change was +10 letters. Ocular adverse events
were consistent with those seen in other trials with anti-VEGF drugs.

The recently completed phase III VIVID [55] and VISTA [56] trials were similarly designed.
Both supported the finding that a schedule of 5 monthly doses of Aflibercept followed by
regular bimonthly dosing was of similar efficacy to continuous monthly injections.

In 2014, FDA approved EYLEA for the treatment of diabetic macular edema. The recommend‐
ed dosage is 2 mg every 2 months, after five initial monthly injections.

Method of administration

The injection procedure should be carried out under aseptic conditions, which includes the
use of surgical hand disinfection, sterile gloves, a sterile drape, and a sterile eyelid speculum
(or equivalent). Adequate anaesthesia and a broad-spectrum topical microbicide to disinfect
the periocular skin, eyelid and ocular surface should be administered prior to the injection, in
accordance with local practice.

The injection needle should be inserted 3.5-4.0 mm posterior to the limbus into the vitreous
cavity, avoiding the horizontal meridian and aiming toward the center of the globe. The
injection volume of 0.05 ml is then delivered.

The use of pre- or postinjection topical antibiotics is not recommended as they have not been
shown to alter the infection risk [57].

7.2.2. Nonproliferative diabetic retinopathy treatment

Visual acuity is not usually affected in nonproliferative diabetic retinopathy unless there is
damage to the macula in the form of macular edema or ischemia. Ocular treatment at this stage
is definitively indicated only if there is evidence of macular disease.

7.2.3. Proliferative diabetic retinopathy treatment

The goal of treatment in proliferative diabetic retinopathy (PDR) is to prevent complications
and lower the risk of severe vision loss. The mainstay of treatment for PDR is laser ablation of
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the peripheral retina where laser burns are placed over the entire retina, sparing the central
macula. This treatment is called panretinal photocoagulation (PRP). PRP promotes the
regression and arrest of progression of retinal neovascularizations by destroying ischemic
retinal tissue and reducing ischemia-driven VEGF production [1,10].

The Diabetic Retinopathy Study (DRS) [25,26] evaluated efficacy of PRP treatment in eyes
with advanced NPDR or PDR (DRS Group, 1981). The DRS study recommended prompt
treatment in eyes with high-risk PDR (defined in section 6.4.3), because these eyes had the
highest risk for severe visual loss. PRP treatment in these patients reduced the risk of severe
visual loss by 50% over 5 years.

The ETDRS study [24,58] found that PRP treatment in eyes with early PDR reduced the risk
of progression to high-risk PDR by 50%, and significantly reduced the risk of severe visual loss
[24]. Based on these results, PRP treatment should be considered in eyes with any stage PDR
especially if there is poor metabolic control, a noncompliant patient, or difficulty in maintain‐
ing close follow-up.

Figure 8. Panretinal photocoagulation: The retinal tissue surrounding the macular region has been ablated using Ar‐
gon laser. Circular grey-black scars demark areas previously treated with laser burns.
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Full PRP treatment as recommended by the DRS [25,26] and the ETDRS [24,58] includes as
many as 5000 laser burns. PRP can be painful and is often performed over several sessions.
After the initial treatment course, additional therapy can be applied if there is persistent
neovascularization. After treatment, proliferative retinal tissue may regress and contract
causing a vitreous hemorrhage or a traction retinal detachment from contracture of fibrovas‐
cular tissue. Side effects of PRP treatment also include decreased in night vision, decreased
color vision, and loss of peripheral vision [10].

When PDR presents with macular edema, PRP treatment may initially increase the amount of
edema [58]. In such case, it is recommended to treat the macular edema with an intravitreal
injection before initiating PRP [59,60].

7.2.3.1. Surgery in proliferative diabetic retinopathy

Vitrectomy surgery is most commonly performed in PDR for a dense vitreous hemorrhage
causing severe vision loss. If an eye which has not previously undergone PRP develops a
significant hemorrhage and vision loss, vitrectomy is recommended when the hemorrhage
persists beyond 1–3 months. Patients with vitreous hemorrhage that have preexisting complete
PRP may undergo a longer observation period as many patients will have a spontaneous
improvement beyond the initial 4 weeks [10,61]. Traction retinal detachment induced by the
contraction of neovascular tissue connecting the retinal surface to the vitreous is another
serious complication of PDR. If central vision is affected surgery is recommended. However,
traction detachments which do not involve the central macula can remain stable for years.
Surgery is indicated only when the traction retinal detachment involves or threatens the central
macula or if a retinal tear develops [10].

Common complications after vitrectomy include corneal epithelial defects, cataract formation,
elevated intraocular pressure, recurrent vitreous hemorrhage, iatrogenic retinal breaks, and
rhegmatogenous retinal detachment. The development of these complications can be mini‐
mized by meticulous surgical technique and cautious postoperative follow-up.

7.2.3.2. Role of anti-VEGF agents

Several studies have evaluated the efficacy of adjunctive intravitreal anti-VEGF injections in
patients with PDR [46]. Adding an anti-VEGF agent to eyes undergoing PRP reduces the risk
of a vitreous hemorrhage 12 months after PRP [62]. In eyes with PDR and a dense vitreous
hemorrhage, a Bevacizumab injection has been shown to aid significantly in clearing the
hemorrhage [63]. This allows PRP to be completed and may reduce the number of patients
ending up in surgery.

Bevacizumab has also been shown to enhance retinal surgery in patients with PDR. A single
Bevacizumab injection given 1 week before vitrectomy for vitreous hemorrhage, results in
decreased bleeding during surgery, decreased operating time, and less postoperative vitreous
hemorrhage as compared to vitrectomy [46,64]. As separate study found that a preoperative
Bevacizumab injection improved visual acuity 12 months postoperatively compared with
vitrectomy alone [62].
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Figure 9. Summary of the two main pathways by which diabetic retinopathy can reduce vision.

7.3. Special considerations

7.3.1. Diabetic retinopathy in pregnancy

In women with preexisting diabetes, pregnancy is considered an independent risk factor for
the development and progression of diabetic retinopathy [65]. Most of the progression of
diabetic retinopathy in pregnancy occurs by the end of the second trimester. Although
regression of retinopathy usually occurs postpartum, there is still an increased risk for
progression during the first year postpartum [65]. Risk factors for the development and
progression of diabetic retinopathy in pregnancy include longer duration of diabetes before
conception, rapid normalization of hemoglobin A1C at the beginning of pregnancy, poor
glycemic control during pregnancy, diabetic nephropathy, high blood pressure, and pree‐
clampsia [65,66].

Severity of diabetic retinopathy before or at beginning of pregnancy is also a strong predictor
of progression of retinopathy during and after pregnancy. The Diabetes in Early Pregnancy
Study [67] showed that 10.3% of women without diabetic retinopathy and 18.8% with mild
NPDR experienced retinopathy progression during pregnancy, and 6.3% of women with mild
NPDR progressed to PDR. In women with moderate NPDR, 54.8% suffered retinopathy
progression and 29% developed PDR. Overall, progression to sight-threatening diabetic
retinopathy, including macular edema and PDR, occurs in 6% of pregnant diabetic women [66].
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Progression of retinopathy during pregnancy is probably related to the hypervolemic and
hypercoagulable states in pregnancy, as well as elevated pro-inflammatory and angiogenic
factor levels. This results in capillary occlusion and leakage-aggravating diabetic retinopathy
mechanisms [65,68]. Ideally, good glycemic control and full treatment of preexisting diabetic
retinopathy complications should be attained before conception.

All diabetic women who plan pregnancy should be referred by their treating physician to an
ophthalmologist. The recommended follow-up of pregnant women with type 1 diabetes
includes an ophthalmologic exam at the beginning of pregnancy and during the first trimester.
Subsequent follow-up depends on the stage of diabetic retinopathy found on the initial
examinations. In women with no retinopathy or very mild NPDR, an ophthalmologic exam is
indicated when there are visual complaints. In moderate NPDR, an exam should be done at
least once during the second trimester and every 4–6 weeks during the third trimester. In severe
NPDR and PDR, close follow-up is needed, and an exam should be done every 4–6 weeks,
from the beginning of the second trimester.

Treatment of diabetic retinopathy during pregnancy includes maximal control of both glucose
levels and blood pressure [66]. Ocular therapy such as PRP should definitely be performed for
PDR and be strongly considered in cases of severe NPDR. Disease progression can be very fast
in pregnancy and waiting for PDR to clearly develop may result in severe complications that
necessitate invasive surgery. Ocular therapy for PDR and macular edema during pregnancy
can include PRP, focal laser, and intravitreal steroid injections. Although there are not much
data on the safety of intravitreal injections of anti-VEGF agents during pregnancy, the literature
includes some reports on the safe and effective use of Bevacizumab [69].

7.3.2. Cataract surgery in patients with diabetic retinopathy

Cataract development is major factor compromising vision in diabetic patients. Surgery often
results in significant vision improvements but these can be mitigated by the progression of
diabetic retinopathy and macular edema.

7.3.2.1. Macular edema progression following cataract extraction

Progression of macular edema following cataract extraction can limit the expected improve‐
ment in visual acuity from cataract surgery. The reported rates of macular edema following
cataract extraction varies from 4% to 70%, depending upon the method used to identify
macular edema (angiographic, biomicroscopic, OCT), the cataract extraction technique, and
underlying comorbidities [70,71].

The DRCR.net [72] conducted a multicenter, prospective, observational study including 293
participants with diabetic retinopathy but without significant macular edema requiring
treatment. The authors concluded that in eyes with diabetic retinopathy, the presence of
noncentral-involved macular edema immediately prior to cataract surgery, or a history of
macular edema treatment may increase the risk of developing central-involving macular
edema 16 weeks after cataract extraction.

Topical Nonsteroidal Anti-inflammatory Agents
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Controlling postsurgical inflammation is an important factor in preventing macular edema
development. Prostaglandin release considerably contributes to fluid leakage from perifoveal
capillaries into the extracellular space of the macular region. Multiple studies have reported
the benefits of using nonsteroidal anti-inflammatory eye drops pre- and postoperatively to
reduce the rate of edema progression [73,74].

Antivascular Endothelial Growth Factor Injections

Recent studies have shown a potential benefit using intravitreal anti-VEGF injections at the
end of cataract surgery especially in cases with poorly controlled or refractory macular edema
before surgery [46,75,76]. High-risk patients who received intravitreal Bevacizumab or
Ranibizumab benefit from better outcomes in terms of visual acuity, macular thickness, and
retinopathy progression.

7.3.2.2. Diabetic retinopathy progression following cataract extraction

Controversy exists in the ophthalmic community as to whether cataract surgery potentiates
diabetic retinopathy progression. Several studies have reported worsening of diabetic
retinopathy and macular edema after surgery [77-80]. Progression was seen during the first
year after surgery and was highest in the first 3 months postoperatively. A review of several
other studies, especially in the era of cataract surgery using the smaller incision phacoemul‐
sification technique, showed no significant progression of diabetic retinopathy and macular
edema after surgery [81,82]. Overall, it is likely that uncomplicated phacoemulsification does
not result in a substantially increased risk of the DR progression [83]. The observed rates of
progression after uncomplicated, small-incision surgery are similar to the natural course of
retinopathy progression over time. The vision improvement and the ability to better visualize
the retina to monitor retinopathy progression clearly outweigh the current risks of modern-
day cataract extraction and subsequent retinopathy progression over time [83], Overall,
diabetics with cataracts benefit from surgery, and improved visual acuity is reported in 92–
94% of patients [81]. The combined evidence suggests that in patients with low risk or absent
diabetic retinopathy, there is no increased risk of retinopathy progression. However, patients
with more advanced retinopathy have an increased risk for retinopathy progression and a
worse visual acuity outcome.

7.3.2.3. Summary

A thorough evaluation of patients with diabetes is warranted before cataract surgery. Patients
who have severe NPDR or PDR should be considered for PRP treatment prior to cataract
removal [84]. Patients with significant macular edema should undergo treatment with a steroid
or anti-VEGF agent preoperatively. Ideally, surgery should be delayed until stabilization of
retinopathy and macular edema is achieved. In refractory cases, adjunctive therapy with a
steroid of anti-VEGF agent at the end of cataract surgery should be considered. Close postop‐
erative follow-up with an ophthalmologist is highly recommended in all patients with
preexisting diabetic retinopathy.
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8. Schedule for ophthalmologic examinations

Regular ocular examination can detect early ocular disease such as cataracts and glaucoma as
well as retinopathy. Diabetic retinopathy in type 1 diabetes is rare during the first 5 years after
diagnosis, so the baseline ophthalmologic examination could be extended to 5 years after
diagnosis. In children with prepubertal diabetes, the baseline examination should be done at
puberty [13].

The timing and frequency of follow-up ocular examinations depends on individual patient’s
status. In high-risk patients with long-term diabetes and poor systemic risk factor control,
annual examinations should be performed even in the absence of retinopathy. In patients with
known retinopathy, the examination schedule is based on the degree of retinopathy, and on
the patient’s compliance and adherence to regular follow-up. In mild NPDR, an examination
should be performed every 9–12 months; in moderate NPDR, every 6 months; and in severe
NPDR, PDR and CSME follow-up should be even more frequent even in the absence of ongoing
treatment [10].

Severity ofRetinopathy Follow-up Schedule (Months)

None or minimal NPDR 12

Mild NPDR 9-12

Moderate NPDR 6

Severe NPDR 2-4

Non-high-risk PDR 2-4

High-risk PDR 2-4

Diabetic macular edema 1-3

NPDR = non-proliferative diabetic retinopathy; PDR = proliferative diabetic retinopathy

Table 2. Diabetic retinopathy (follow-up recommendations)

9. Conclusion

Diabetes is the leading cause of vision loss in working-age patients, mainly due to diabetic
retinopathy. The mainstay in the prevention of disease progression remains optimizing
glycemic control and controlling other ancillary risk factors. Laser treatments which prevent
vision loss remain an important option for many patients with advanced diabetic retinopathy.
Recent advances in medical treatment over the past decade, especially intraocular injections
for macular edema, show great promise due to their ability to improve vision. Today, more
than ever before, patients with even advanced diabetic eye disease have a good chance of
maintaining functional vision for many years provided they undergo proper screening to
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diagnose complications as they arise. The cost of these new treatments is significant both in
financial terms and in terms of patient time investment, as frequent, often monthly, clinic visits
are often recommended to optimize results. Additional studies are still needed in order to
develop more effective and less costly treatments to further improve the visual prognosis for
diabetic patients.
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Abstract

Diabetes mellitus (DM) is a chronic systemic disease arisen under the conditions when
the body cannot produce enough insulin or cannot use it effectively. Type 1 diabetes
is caused by an autoimmune reaction, where the body’s defense system attacks the
insulin-producing β-cells in the pancreas. Type 1 diabetes incidence has been rising
all over the world, especially under the age of 15 years. There are strong premonitions
of geographic difference; however, the overall annual increase in a number of affected
population is estimated to be approximately 3%.

Under these circumstances, detailed understanding of the influence of type 1 diabetes
on various organs is integrant. The systematic diseases have been seen to have a
considerable effect on bone. As such, diabetes also exerts some degree of influence on
bone in general. Hyperglycemia or impaired glucose metabolism has a number of
detrimental effects on bone metabolism; for example, it is well documented that bone
mass decreases and rate of bone fracture risk increases in type 1 diabetes patients.
Nonetheless, there are few reports describing the influence of type 1 diabetes on hard
tissue in craniofacial region.

From a dental clinical perspective, uncontrolled diabetic condition is thought to be
one of the main causative factors of increased risk of inflammation and dental caries
that lead to tooth loss and may also increase the risk of cardiovascular disease or
preterm birth. However, there are only few reports focusing on type 1 diabetes
complication in oral and maxillofacial region. Thus, in this chapter, we summarize the
complication of type 1 diabetes in craniofacial hard tissue. Based on our previous data,
type 1 diabetes lead to the retardant effects in cranium, mandible, and teeth during
early growth period. This information is of critical importance not only for the better

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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understanding of the type 1 diabetes complication in jaw or teeth but also for the
development of efficient treatment and prevention of oral diseases in type 1 diabetes
patients.

Keywords: Craniofacial complex, growth, type I diabetes, gestational diabetes

1. Introduction

Type 1 diabetes is a chronic and a complex autoimmune disease arisen primarily due to β-cell
destruction. Historically, type 1 diabetes was considered as a disorder in children and
adolescents, but now it is known that symptomatic onset of type 1 diabetes may occur at any
age. Three major symptoms, polydipsia, polyphagia, and polyuria along with overt hyper‐
glycemia, are a diagnostic hallmark in young type 1 diabetes patients. Exogenous insulin
replacement is needed immediately after the onset of type 1 diabetes and should be kept
throughout their lifetime for survival.

To prevent the diabetic complication, patients with type 1 diabetes require a strict control of
blood glucose level.

Although type 1 diabetes can be diagnosed at any age, it is one of the most common chronic
diseases  of  childhood.  Its  prevalence  increases  between the  ages  5  and 7  years  or  near
puberty [1].

It has been reported that the incidence of type 1 diabetes is increasing worldwide for several
decades [2] and it is likely to have been most pronounced in children aged 4 years and younger
[3]. If these trends continue, the total prevalence of people with type 1 diabetes will increase
in the coming years [4].

A continuous hyperglycemia in type 1 diabetes leads to various chronic complications.
Recently, official healthcare providers have paid more attention to the prevention of disabling
chronic complications, such as diabetic retinopathy, nephropathy, neuropathy, and athero‐
sclerosis with cardiovascular disease, and much more attention has been paid for adverse bone
metabolism in type 1 diabetes. [5] In this review, we provide a brief overview on the effects of
type 1 diabetes on both bone in general and hard tissue in craniofacial region.

2. General effects of type 1 diabetes on bone

The relation between diabetes and bone metabolism has been considered for a long time;
however, many questions still remain hidden and unclear. Pathophysiology of diabetes arises
from the insufficient insulin action, and such insulin action may have an influence on the bone
metabolism directly or indirectly. Clinically, it is well known that type 1 and type 2 diabetes
are involved in an increased risk of fractures [6, 7]; on the other hand, bone mineral density
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metabolism in type 1 diabetes. [5] In this review, we provide a brief overview on the effects of
type 1 diabetes on both bone in general and hard tissue in craniofacial region.

2. General effects of type 1 diabetes on bone

The relation between diabetes and bone metabolism has been considered for a long time;
however, many questions still remain hidden and unclear. Pathophysiology of diabetes arises
from the insufficient insulin action, and such insulin action may have an influence on the bone
metabolism directly or indirectly. Clinically, it is well known that type 1 and type 2 diabetes
are involved in an increased risk of fractures [6, 7]; on the other hand, bone mineral density
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(BMD) is decreased in type 1 diabetes than in type 2 diabetes [7]. The reasons for this discrep‐
ancy are not fully understood. Indeed both type 1 and type 2 diabetes are the same in terms
of an abnormal glucose tolerance, but pathological condition is different. In this part, we
discuss diabetic osteopenia in type 1 diabetes from the viewpoints of insulin deficiency and
hyperglycemia.

2.1. Insulin deficiency and bone metabolism

It is widely recognized that bone volume and bone quality are decreased in type 1 diabetes
patients, and it is thought that insulin has a pivotal role in bone formation [7]. In animal
experiment, streptozotocin (STZ)-induced type 1 diabetes rat or mouse showed a decrease in
bone volume (BV) and bone fragility by the decrease of bone formation [8–10].

In insulin receptor substrate-1 (IRS-1)-deficient mouse, osteoblast differentiation and function
were impaired, and as a result, there is a decrease in BV [11].

Remarkable hyperglycemia exists with insulin deficiency in the type 1 diabetes model animals,
and it seems to be thought that not only the insulin deficiency but also the hyperglycemic
condition gives some influences on bone metabolism. On the other hand, it appears that
decrease in anabolic action at the osteoblasts level in type 1 diabetes is the main cause of the
bone metabolism disorder by serial animal experiments in which the disorder of glucose
metabolism is slight under the normal breeding condition in IRS-1- or IRS-2-deficient mice.
On the basis of these findings, one should consider the rise in onset, osteoporosis, and bone
fracture frequency of the osteoporosis in type 1 diabetes mellitus depends on an osteoplasty
disorder by the insulin deficiency.

2.2. Bone Mineral Density (BMD) in type 1 diabetes

In 1948, Albright and Reifenstein described for the first time the association between diabetes
and reduced bone mass [12]. In 1976, Levin et al. demonstrated that almost 50% of the patients
with type 1 diabetes had a reduction of BMD at the wrist [13]. Since then, many papers have
been published. BMD seems to be reduced in patients with type 1 diabetes in most [14–17],
but not all [18, 19]. The studies concerning the bone metabolism in type 1 diabetes can be
categorized into two groups: 1) studies evaluating bone metabolism in diabetic children and
adolescents who did not reach the peak of bone mass yet and 2) studies evaluating bone
metabolism in adults who developed type 1 diabetes after having reached peak of bone mass.

It seems to be difficult to study bone metabolism in such population as children/adolescents
whose skeleton is still in the way of growing. Moreover, the majority of studies included the
children/adolescents at different stage of puberty and, therefore, at different stages of acquis‐
ition of bone mass. This probably has been one of the main reasons for the lack of concordant
results about the impact of diabetes on growing bones.

Some reports showed no differences in BMD between type 1 diabetic children/adolescents and
their peer without diabetes [20–26]. However, in other studies, low bone mineral content
(BMC) and low BMD both at spine and at femoral neck in type 1 diabetic children/adolescents
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[27–33] have been described. Moreover, some longitudinal studies demonstrated a significant
reduction of either lumber spine or femoral neck BMD in diabetic patients after 2–4 years of
follow-up, despite normal BMD at baseline [20, 23]. Therefore, it seems that type 1 diabetes,
appeared in childhood, may alter the acquisition of bone mass that can be registered in youth
ages or later in adult life.

Indeed, the majority of studies, performed on the type 1 diabetes adults, consistently showed
a reduction of BMD either at lumbar spine and/or at femur [34, 35, 36–40]. Only a few studies
[41–43], which were conducted on small groups of diabetic patients (less than 40 cases), were
discordant. Vestergaard et al. [44] having analyzed 80 studies regarding bone density in
diabetes has proved in his meta-analysis that type 1 diabetes patients have lower BMD than
the people without diabetes. Frequency of reduced BMD in type 1 diabetes varies largely from
3 to 40% [36–40]. Eller-Vainicher et al. [45] reported that about 30% of 175 type 1 diabetes
patients had low bone mass (osteopenia/osteoporosis) at spine and/or femur, which was
significantly higher in comparison with healthy controls.

2.3. Fracture risk in type 1 diabetes

In type 1 diabetes patients, the frequency of lifetime fractures at any site has been reported to
be increased as compared to counterparts without diabetes. The meta-analysis of Vestergaard
et al. [44] demonstrated a 6.94-fold increased risk of hip fracture in type 1 diabetes. Further,
Zhukouskaya et al. [45] reported that type 1 diabetes patients were found to have an increased
prevalence of asymptomatic vertebral fractures as well, which have been observed in 25% of
diabetic subjects. In conclusion, there is strong evidence that bones in type 1 diabetes patients
are characterized by poor mineralization and smaller and thinner size with reduced bone
strength and quality, which can lead to a higher fracture incidence at any site, predominantly
at femoral neck.

2.4. Association between hyperglycemia and bone metabolism in diabetes

Type 1 diabetes is caused by absolute lack of insulin, and insulin has anabolic effect on bone.
However, not only insulin but also hyperglycemia has some influence on the bone metabolism.
In in vivo study, it is difficult to evaluate the influence on bone metabolism by hyperglycemia
or insulin deficiency separately, so the influence of hyperglycemia on bone is considered at a
cell level mainly.

In an experiment of osteoblastic cell, it was reported that the differentiation and function of
osteoblastic cell were suppressed under osmolality-adjusted hyperglycemic condition [46].

In our previous experiment using MC3T3-E1 cell line, osteoblastic cells were cultured in
medium containing normal (5.6 mM) or high (10, 20, or 30 mM) glucose with or without bone
morphogenic protein 2 (BMP-2). Runx2 mRNA expression, which is a key transcription factor
associated with osteoblast differentiation, was affected by glucose concentration and culture
duration independently of the absence or presence of BMP-2 in the culture. (Fig. 1) [47].
Moreover, we could find both GLP-1 receptor (GLP-1R) and GIP receptor (GIPR) m RNA
expression in osteoblastic cell first time ever (Fig. 2), and mRNA expression level of GLP-1R
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and GIPR were regulated by glucose concentrations in cells undergoing the differentiation
induced by BMP-2 (Figs. 3, 4). GLP-1 or GIP belong to the incretin family. They both play
important roles in regulating insulin secretion from pancreatic β-cells. GIPR and GLP-1R, the
receptors of GIP and GLP-1, are expressed in various tissues, with a significant amount
expressed in pancreas. Previous reports showed that GIPR is expressed in osteoblastic cells,
but no study regarding GLP-1R expression had been conducted [48]. Although osteoblastic
cells were thought to express a functional receptor for GLP-1, there is no direct evidence for
the mRNA and protein expression of GLP-1R in these cells. GIP is known to have direct effects
on bone, whereas the effects of GLP-1 on bone metabolism are mediated by thyroid hormone.
[49] Our RT-PCR analysis revealed that MC3T3-E1 cells express GLP-1R and GIPR, suggesting
that GLP-1 may directly affect bone, similar to GIP (Fig. 4). GLP-1R and GIPR are well-known
G protein-coupled receptor (GPCR) and are potential targets for drug discovery [47]. It has
been reported that the administration of insulin and thiazolidinediones increases fracture risk,
whereas inhibitors of dipeptidyl peptidase-4 (DPP-4) were associated with reduced fracture
risk. DPP-4 inactivates GLP-1, and its inhibitors improve glycemic control in patients with type
2 diabetes by preventing incretin degradation [50]. These findings show that GLP-1R links
bone metabolism and glucose metabolism in osteoblasts and that GLP-1 might be a potential
therapeutic target in bone diseases.
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Figure 1. Effects of the glucose concentration on Runx2 mRNA expression. MC3T3-E1 cells were cultured in medium
containing 5.6 (normal), or 10, 20, and 30 mM (high) concentrations of glucose in the absence or presence of bone mor‐
phogenetic protein-2 (BMP-2). Runx2 mRNA expression was determined after 24, 48, and 72 h of culture. Values are
the means ± standard error of the mean (SEM) (n = 4/group). *P < 0.05 and **P < 0.01.. 2
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Figure 2. Reverse transcriptase-polymerase chain reaction (RT-PCR) analysis of glucagon-like peptide-1 receptor
(GLP-1R) and glucose-dependent insulinotropic polypeptide receptor (GIPR) mRNA expression in MC3T3-E1 cells.
Lane 1, negative control; lane 2, GLP-1R (337 bp); lane 3, GIPR (382 bp); lane 4, GAPDH (452 bp).
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Figure 3. Effects of the glucose concentration on glucagon-like peptide-1 receptor (GLP-1R) mRNA expression.
MC3T3-E1 cells were cultured in medium containing 5.6 (normal), or 10, 20 and 30 mM (high) concentrations of glu‐
cose in the absence or presence of bone morphogenetic protein-2 (BMP-2). GLP-1R mRNA expression after 24, 48, and
72 h of culture. Values are the means ± standard error of the mean (SEM) (n = 4/group). *P < 0.01.
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Figure 4. Effects of glucose concentration on glucose- dependent insulinotropic polypeptide receptor (GIPR) mRNA
expression. MC3T3-E1 cells were cultured in medium containing 5.6 (normal), or 10, 20, and 30 mM (high) concentra‐
tions of glucose in the absence or presence of bone morphogenetic protein-2 (BMP-2). GIPR mRNA expression after 24,
48, and 72 h of culture. Values are the means ± standard error of the mean (SEM) (n = 4/group). *P < 0.01.

3. Effect of type 1 diabetes on craniofacial complex

Diabetes is one of the systemic diseases affecting a considerable number of patients worldwide
[51]. Numerous clinical and experimental studies on the complications of diabetes have
demonstrated extensive alterations in bone and mineral metabolism, linear growth, and body
composition [52]. As we mentioned in the previous section, depletion of insulin in type 1
diabetes causes a reduction of bone composition, delay in fracture healing, and reduction of
BMD in general. A long list of literature was dedicated to study the influence or complications
of type 1 diabetes on general bones. However, there are few reports discussing the effects of
type 1 diabetes on the craniofacial complex which is regulated by hormones, nutrients,
mechanical forces, and various peripheral growth factors.
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3. Effect of type 1 diabetes on craniofacial complex

Diabetes is one of the systemic diseases affecting a considerable number of patients worldwide
[51]. Numerous clinical and experimental studies on the complications of diabetes have
demonstrated extensive alterations in bone and mineral metabolism, linear growth, and body
composition [52]. As we mentioned in the previous section, depletion of insulin in type 1
diabetes causes a reduction of bone composition, delay in fracture healing, and reduction of
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In craniofacial region, it is well known that bone metabolism in growth period is really intricate
because there are mosaic growth sites where bones grow at different rates or mature at different
times, which also depend on each individual’s growth stage, and the response to growth
disruption is much more complicated than that of the appendicular skeleton. There are a few
studies diabetes may significantly affect the bone remodeling process which is observed
during treatments involving the application of mechanical or functional force to the craniofa‐
cial complex and the teeth as those applied during orthodontic tooth movement. Moreover, it
is likely that the type 1 diabetes may have altered the growth of patients due to insulin
deficiency and consequently led to skeletal mutation is it mutation or maturation?

Type 1 diabetes is well recognized in the endocrine disorders,, and a peak of onset is concen‐
trated in childhood and adolescence, characterized by hyperglycemia as a cardinal biochemical
feature that leads to several impairment of physical and emotional developments. There are
some reports focusing on the altered bone remodeling in type 1 diabetes, which indicates the
reduction of osteoblast activity or function. Bone mass decrease and rate of bone fracture risk
increase have been often seen in type 1 diabetes patients. Impaired glucose metabolism results
in adverse effects on bone metabolism, especially in type 1 diabetes patients who suffer from
decreased bone mineral density (BMD) and increased risk of fractures. The pathophysiological
mechanisms of increased risk of fracture in diabetes patients are divided into two reasons:
osteopenia caused by decreased BMD and increased risk of fall and traumas caused by
peripheral diabetic neuropathy. However, there are few reports about hard tissue in cranio‐
facial region, in other words, cranium, maxilla, mandible, and teeth.

The aim of this chapter is to discuss the complexity of the dento-alveolar system and how it
was affected by type 1 diabetes.

3.1. Effect of type 1 diabetes on bone in craniofacial region

There are two processes of bone formation: “intramembranous ossification” and “endochon‐
dral ossification.” Endochondral ossification is a cartilage bone formation and it occurs in a
replacement process within the cartilage models of the embryo and infant. Intramembranous
bone forms through the activation of the osteoblastic cell or specialized bone forming cell in
one of the layers of the fetal-connective tissue. The bones of the cranial vault, the face, and the
clavicle are formed by the style of intramembranous ossification. All the other bones are
formed in the manner of cartilage ossification. The bones formed by intramembranous
ossification are the mandible, the maxilla, the premaxilla, the frontal bone, the palatine bone,
the squamous part of temporal bone, the zygomatic bone, the medial plate of the pterygoid
process, the vomer, the tympanic part of the temporal bone, the nasal bone, the lacrimal bone,
and the parietal bone. The original pattern of intramembranous bone changes with progressive
maturative growth when these bones begin to adapt to environmental influences. This
accounts for deformities due to malfunction, disease, and other environmental factor [53].
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3.2. Causes of general growth problems

It is thought that growth disturbance can be associated with specific anatomic or function‐
al defects. Some kinds of endocrinal or metabolic disorders are known to cause a system‐
ic growth disorder. Also, genetic, nutritional, or environmental factor can be the causes of
growth disturbance.  Disturbances  in  somatic  growth show themselves  in  retardation  or
acceleration of the skeletal system, including the facial and cranial bones. Causes of growth
problems usually fall into the following categories [54]:

• familial short stature;

• constitutional growth delay with delayed adolescence or delayed maturation;

• illness that affects the whole body (systemic disease);

• endocrine disease (hormonal disorder); and

• congenital problems in the tissues where growth occurs.

3.3. Effect of type 1 diabetes on bone and growth

Concerning juvenile diabetes, previous report about hand-wrist radiographs [55]. showed that
usually, there is a delay in the development of appearance or ossification center of the carpal
bone. These defects seem to occur twice as frequently in boys than in girls, and the total
incidence of juvenile diabetes patients with abnormalities and developmental disorders was
24.3%.There was also a delay in the growth of bone, in 51% of diabetic males and in 60% of
diabetic females. The trend of growth retardation in bone was large. The longer the disease
duration of diabetes, the shorter the bone growth will be. Bone mass reduction in diabetic
patients has been explained by the decrease in the proliferative capacity of fibroblasts. In
addition, premature aging of all cells has been suggested as the basis for diabetes problems,
which is believed to lead to early osteopenia. The yearly bone loss was reported to be 1.35%
in patients with type 1 diabetes [56]. Moreover, reduction rate of bone mineral, along with the
condition worsened in diabetes, was significantly faster despite of an increase in insulin
dosage, when compared with patients with unchanged or improved insulin secretion. It was
considered that exogenous insulin administration cannot fully compensate for the decrease in
the endogenous insulin secretion. In addition, according to these studies, the bone resorption
in patients with type 1 diabetes were increased, and vitamin D3 deficiency associated with the
disease were not observed. Vertebral bone density has been studied in type 1 diabetic children
[56]. In diabetic children, it has been found that the cortical bone density decreases slightly but
significantly compared with control. The decrease in the cortical bone mineral density in
diabetes did not correlate with age, gender, the duration of the diabetes, or glycosylated
hemoglobin concentration. These results suggested that in children with uncomplicated type
1 diabetes, decreased vertebral bone density is a minor abnormality that affects only cortical
bone [55].
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3.4. Outline of studying the effect of type 1 diabetes on craniofacial growth

To examine the dynamic bone metabolism and structure of craniofacial bone in diabetes, it is
critically important in understanding the growth aspect and bone metabolism of the mandible.
The next parts of this chapter are trying to focus on the following points:

1. The effects of juvenile diabetes on general craniofacial growth and skeletal maturation.

2. Analysis of the pattern of association between craniofacial morphology and skeletal
maturation.

3. Determination of the mineral apposition rate and the bone formation rate in diabetic rat
mandible using histomorphometric analysis.

4. Analysis of the diabetic effects on tooth (enamel and dentin formation).

3.5. Experimental rat model for type 1 diabetes

It is well known that the streptozotocin-induced diabetic rat and the spontaneously diabetic
BioBreeding rat were used as experimental type 1 diabetic models [57]. Pathogenesis of altered
bone formation in long bones after inducing type 1 diabetes with streptozotocin (STZ) has been
well documented [58, 59]. Streptozotocin-induced diabetes mellitus (STZ-DM) caused by the
destruction of pancreatic β-cells and is similar to type 1 diabetes in human. It is characterized
by mild-to-moderate hyperglycemia, glucosuria, polyphagia, hypoinsulinemia, hyperlipide‐
mia, and weight loss. STZ-DM also exhibits many of the complications observed in human
DM including enhanced susceptibility to infection and cardiovascular disease, retinopathy,
alterations in angiogenesis, delayed wound healing, diminished growth factor expression, and
reduced bone formation. [60].

3.6. Induction of type 1 diabetic condition in animal experiment

We studied various changes on craniofacial hard tissue under DM condition using streptozo‐
tocin (STZ)-induced DM rat model. Three-week-old male Wistar rats (n = 12) were used for
this study. They were randomly divided into two groups, the control group and the diabetes
group (DM group), and each group consists of six rats. The rats in the control group were
injected intraperitoneally with a single dose of 0.1M sodium citrate buffer (pH 4.5), while the
rats in the DM group were injected intraperitoneally with a single dose of citrate buffer
containing 60 mg/kg body weight of STZ (Sigma Chemical Co., St. Louis, MO, USA) [58, 61–
63]. All animals were fed on standard rodent diet (Rodent Diet CE-2; Japan Clea Inc., Shizuoka,
Japan) with free access to water. Body weights, the presence of glucose in urine, and blood
glucose levels were recorded on days 0, 2, 7, 14, 21, and 28 after STZ injection. Diabetes
condition was determined by the presence of glucose in urine and blood. The urine of the rats
was tested using reagent strips (Uriace Ga; TERUMO) [64, 65]. Blood samples of the rats were
obtained via vein puncture of a tail vein, and blood glucose levels were determined using a
glucometer (Ascensia Brio; Bayer Medical). Rats with a positive urine test and a blood glucose
level greater than 200 mg/dl were considered as diabetic. Time course of the animal experiment
is shown in Fig. 5.
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Figure 5. The time schedule of experiment

3.7. Evaluating the effect of type 1 diabetes on craniofacial growth in rat

Cephalometric analysis

Cephalometric measurements are still one of the most widely spread diagnostic aids crucial
for the diagnosis of various abnormalities in the craniofacial complex [66].

The protocol for examining the cephalometric measurements in Type 1 diabetic rats involved
the following steps:

1. Prior to each radiographic session, the rats were anesthetized with diethyl ether and
intraperitoneally injected with 8% chloral hydrate using 0.5 ml/100 g of body weight.

2. After anesthesia, the rats were placed in the same way using specially designed apparatus
to maintain standardized head posture and contact with the film (SGP-3; Mitsutoyo,
Tokyo, Japan) where the head of each rat was fixed firmly with a pair of ear rods oriented
vertically to the sagittal plane, and the incisors were fixed into a plastic ring. The settings
of lateral and dorsoventral cephalometric radiographs were 50/55 kVp, 15/10 mA, and
20/60-sec impulses, respectively [68].

3. Then, a 10-mm steel calibration rod was incorporated into the clear acrylic table on which
the animals were positioned for the radiographs.

All the radiographs were developed and scanned at high resolution by the same operator (Fig.
6). The cephalometric landmarks were derived from previous studies on rodents [68–70]. The
selected linear measurements were then obtained (Table 1). To ensure reliability and repro‐
ducibility of each measurement, each distance was digitized twice and the two values were
averaged. In our studies, evaluation of the craniofacial growth of diabetic rats at the age of 7
weeks was carried out using lateral and dorsoventral cephalometric radiographs. All of the
data in each experiment were confirmed for the normal distribution; that is, Student’s t-test
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2. After anesthesia, the rats were placed in the same way using specially designed apparatus
to maintain standardized head posture and contact with the film (SGP-3; Mitsutoyo,
Tokyo, Japan) where the head of each rat was fixed firmly with a pair of ear rods oriented
vertically to the sagittal plane, and the incisors were fixed into a plastic ring. The settings
of lateral and dorsoventral cephalometric radiographs were 50/55 kVp, 15/10 mA, and
20/60-sec impulses, respectively [68].

3. Then, a 10-mm steel calibration rod was incorporated into the clear acrylic table on which
the animals were positioned for the radiographs.

All the radiographs were developed and scanned at high resolution by the same operator (Fig.
6). The cephalometric landmarks were derived from previous studies on rodents [68–70]. The
selected linear measurements were then obtained (Table 1). To ensure reliability and repro‐
ducibility of each measurement, each distance was digitized twice and the two values were
averaged. In our studies, evaluation of the craniofacial growth of diabetic rats at the age of 7
weeks was carried out using lateral and dorsoventral cephalometric radiographs. All of the
data in each experiment were confirmed for the normal distribution; that is, Student’s t-test
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was used to compare the mean of each data recorded in the control group and in the DM group.
All statistical analyses were performed at a 5% significance level using statistic software (v.
10; SPSS, Chicago, IL, USA).

Neurocranium Mandible

Po–N: total skull length Go–Mn: posterior corpus length

Po–E: cranial vault length Ml–Il: anterior corpus length

Ba–E: total cranial base length Co–Il: total mandibular length

So–E: anterior cranial base length Co–Gn: ramus height

Ba–CB1: occipital bone length Transverse X-ray

CB1′–CB2: sphenoid bone length Go1–Go2: bigonial width

Ba–So: posterior cranial base length C1–C2: maximum cranial width

Po–Ba: posterior neurocranium height P1–P2: palatal width

Viscerocranium Z1–Z2: bizygomatic width

E–N: nasal length

Mu2–Iu: palate length

CB2–Iu: midface length

E–Mu1: viscerocranial height

Table 1. Measurements of craniofacial skeleton

Figure 6. Location of lateral cephalometric points on radiographs: (a) sagittal
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3.7.1. Changes in the total skull

The size of total skull, denoted by Po-N, was found to be significantly smaller in the DM group
than in the control group (Fig. 7).

Figure 7. (A) Changes in the neurocranial measurements of the control and type 1 diabetes (DM) group. All the signifi‐
cant measurements are shown in this figure. Values are mean ± S.D. Significant differences between the two groups are
marked with asterisks (P < 0.05). (B) Changes in the viscerocranial measurements of the control and DM groups. All
the viscerocranial measurements are significant. Values are mean ± S.D. Significant differences between the two groups
are marked with asterisks (P < 0.05). (C) Changes in the mandible measurements of the control and DM groups. Values
are mean ± S.D. Significant differences between the two groups are marked with asterisks (P < 0.05). (D) Changes in the
transverse X-ray measurements of the control and DM groups. Two measurements in the transverse X-ray were signif‐
icant. Values are mean ± S.D. Significant differences between the two groups are marked with asterisks (P < 0.05).

3.7.2. Changes observed in the Neurocranium

Cranial vault length (Po-E), total cranial base length (Ba-E), anterior cranial base length (SoE),
occipital bone length (Ba-CB1), and posterior cranial base length (Ba-So) were significantly
shorter in DM group (Fig. 7), while the other dimensions showed no significant differences.

3.7.3. Changes in the Viscerocranium

All measurements of the viscerocranium, including the nasal length (E-N), palatal length
(Mu2-Iu), midface length (CB2-Iu), and viscerocranial height (E-Mu1), showed a statistically
significant decrease in DM group (Fig. 7).
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3.7.4. Changes in the Mandible

In the DM group, the posterior corpus length (Go-Mn), total mandibular length (Co-Il), and
the ramus height (Co-Gn) were significantly shorter than in the control group (Fig. 7); on the
other hand, there were no statistical differences in the remaining dimensions.

3.8. Histomorphometric analysis of mandible

3.8.1. Fluorescent dyes used for double labeling in histomorphometric analysis

Fluorochromes are calcium-binding substances that are preferentially taken up at the site of
active mineralization of bone known as the calcification front, thus labeling sites of new bone
formation. They are detected using fluorescent microscopy on undecalcified sections. Labeling
bones with fluorochrome markers provides a means to study the dynamics of bone formation.
The rate and extent of bone deposition and resorption can be determined using double- and
triple-fluorochrome labeling sequences. The sequential use of fluorochromes of clearly
contrasting colors permits a more detailed record of events relating to calcification. Fluoro‐
chromes commonly used in mammals include tetracycline, calcein green, xylenol orange,
alizarin red, and hematoporphyrin. Calcein gives bright green fluorescence when combined
with calcium [71].

3.8.2. Calcein administrations and sections preparation

The detection of the double labeling involves the following steps:

• Rats are subcutaneously injected with 50 mg/kg body weight calcein fluorescent marker on
day 21 and day 28 after STZ injection [72]. The time difference between the two injections
was one week to be able to compare the amount of bone formed during this period (Fig. 8).

• All animals were sacrificed by transcardiac perfusion under deep anesthesia using 4%
paraformaldehyde in 0.1 M phosphate buffer (pH 7.4).

• Mandibles were dissected and fixed in the same solution for 24 h and embedded in poly‐
styrene resin (Rigolac; Nisshin EM Co. Ltd., Tokyo, Japan).

• Undermineralized ground frontal sections were processed to show the crown and both
apices of buccal and lingual roots of the lower second molar [72].

3.8.3. Method of analysis of “Mineral Appositional Rate” and “Bone Formation Rate”

The bone around the lower second molar is centrally located within the mandibular arch, and
the parallel alignment of the buccal and lingual roots is used as a precise reference when frontal
sections are produced [73]. To conduct the histomorphometric analysis, it is essential to use a
digitizing morphometry system to measure bone formation indices. The system consists of a
confocal laser scanning microscope (LSM510; Carl Zeiss Co. Ltd., Jena, Germany) and a
morphometry program (LSM Image Browser; Carl Zeiss Co. Ltd., Jena, Germany). Bone
formation indices of the periosteal surfaces of the alveolar/jaw bone include mineral apposition

Complication of Type 1 Diabetes in Craniofacial and Dental Hard Tissue
http://dx.doi.org/10.5772/61885

75



rate (µm/day) and bone formation rate (µm3/µm2/day), according to the standard nomencla‐
ture described by Parfitt and colleagues [74]. The calcein-labeled surface (CLS, in mm) is
calculated as the sum of the length of double labels plus one half of the length of single labels
(sL) along the entire endosteal or periosteal bone surfaces; that is, CLS = dL + 0.5sL [75]. The
mineral apposition rate (MAR, in µm/day) is determined by dividing the mean of the width
of the double labels by the interlabel time (7 days). The bone formation rate (BFR) is calculated
by multiplying MAR by CLS [76]. Based on the reference line along the long axis of the buccal
root, the area superior to the root apex was considered as an alveolar bone, while the area
inferior to the root apex was considered as the jaw bone. The lingual side of the bone was
excluded, because the existence of the incisor root might influence bone formation. The
periosteal surfaces of the mandible were divided into four regions for analysis (Fig. 9).

Figure 9. Schematic drawing of observation regions for dynamic bone histomorphometry. The periosteal surfaces were
delimited into four areas: alveolar crest (region 1), alveolar bone (region 2), buccal surface of the jaw bone (region 3),
and inferior border of the jaw bone (region 4).

Fig. 8

Figure 8. Frontal sections of the rat’s mandibular second molar area. Control, control rat; DM, type 1 diabetes rat. Fluo‐
rescent labeling on the periosteal surface indicates new bone formation.
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3.8.4. Hitromorphometric indices

The obtained results in our study showed that in the alveolar bone (region 2), there was a
significant decrease in the MAR (Fig. 10A) and the BFR (Fig. 10B) recorded in the DM group
compared to the control group. However, in the alveolar crest (region 1), the MAR and the
BFR in the control and the DM groups were not significantly different (P < 0.05). In the buccal
surface (region 3) and inferior borders (region 4) of the jaw bone, the MAR (Fig. 10A) and BFR
(Fig. 10B) were significantly suppressed compared with those in the control group (P < 0.05).
Most of the periosteal surfaces in the mandibular regions of the control group showed
significantly higher values recorded for the mineral apposition rate and the bone formation
rate when compared to the DM group. These results agree with the previous studies that
recorded diminished lamellar bone formation in DM rats’ femur and may suggest an associ‐
ation between the DM condition and the decreased number and function of osteoblasts [61].
The alveolar crest region was the only region that did not show a significant difference in the
MAR and the BFR parameters between the two groups; this may be attributed to the unique
nature of this region exhibiting a highly intensive bone remodeling process especially during
the teeth eruption that decreases toward the base of the socket [77]; however, further studies
are needed to elaborate the detailed pattern of bone growth at the alveolar crest region.

3.9. Evaluating the type 1 diabetic effects on tooth

Type 1 diabetes exhibits various detrimental alterations on bones, and mineral metabolism [52,
58, 75]. However, there is scant information available on the possible effects exerted by the
diabetic condition on tooth development and mineral content. Various clinical studies reported
high caries prevalence in diabetic children when compared with healthy controls [78]. Previous
studies suggested that the aforementioned increase in caries prevalence associated with type
1 diabetes may be due to alteration in the salivary gland functions resulting in decreased
salivary flow. Alternative speculations were that type 1 diabetes produced increased salivary
glucose levels which may have increased permeability of the parotid gland basement mem‐
brane to the elevated blood glucose. Understanding the factors contributing to the increased
caries susceptibility of young patients suffering from the diabetic condition, especially young
orthodontic patients who have high probability for the development of caries during their
orthodontic treatment, may help dentists to plan suitable strategies for protecting such patients
against the expected caries challenges. Moreover, it is of prime importance for dentists and
orthodontists to explore any factors that might affect the dental tissues growth and thus the
size of the teeth, which has a strong impact on the orthodontic treatment planning. Our study
has employed the non-destructive micro-computed tomography (micro-CT) to examine the
influence of induced type 1 diabetes on enamel and dentine mineral density and thickness
using an experimental rat model. Micro-CT uses a focused beam to provide higher resolution
on small samples in vitro. This method has been frequently used in experiments exploring
bone and is considered as a promising technique for the assessment of tooth mineral density.
In addition, a histomorphometric study was conducted to determine the effect of the type 1
diabetes condition on dentine formation and dentine mineral apposition rates in the continu‐
ously growing lower incisors of Wistar rats. This is an appropriate model for examining the
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effects of different factors on the development of hard tissues. The tested null hypotheses in
this study were that the type 1 diabetes condition will not adversely affect thickness, mineral
density, and the rate of tissue formation and mineral apposition in enamel and dentine.

3.9.1. Calcein administration and section preparation for tooth observation

Rats were subcutaneously injected with calcein fluorescent marker (50 mg/kg body weight)
on day 21 and day 28 after STZ injection. All animals were anesthetized and sacrificed by

Figure 10. (A) Changes in the mineral apposition rate (MAR) of the mandible between the control group (red columns) and
the type 1 diabetes mellitus (DM) group (blue columns). Alveolar crest (region 1, upper half of the tooth root, near the tooth
crown). Alveolar bone (region 2, lower half of the tooth root, near the root apex). Buccal surface of the jaw bone (region 3).
Inferior border of the jaw bone (region 4). The data are expressed as means ± S.D.; n = 5 for each group. Significantly differ‐
ent from controls, with *P < 0.05. (B) Changes in the bone formation rate (BFR/BS) of the mandible between the control
group and the DM group. Alveolar crest (region 1, upper half of the tooth root, near the tooth crown). Alveolar bone (re‐
gion 2, lower half of the tooth root, near the root apex). Buccal surface of the jaw bone (region 3). Inferior border of the jaw
bone (region 4). The data are expressed as means ± S.D.; n = 5 for each group. Significantly different from controls, with *P
< 0.05. In the buccal surface (region 3) and inferior borders (region 4) of the jaw bone, the MAR (Fig. 4A) and the BFR (Fig.
4B) are significantly suppressed compared with those in the control group (P < 0.05).

Major Topics in Type 1 Diabetes78



effects of different factors on the development of hard tissues. The tested null hypotheses in
this study were that the type 1 diabetes condition will not adversely affect thickness, mineral
density, and the rate of tissue formation and mineral apposition in enamel and dentine.

3.9.1. Calcein administration and section preparation for tooth observation

Rats were subcutaneously injected with calcein fluorescent marker (50 mg/kg body weight)
on day 21 and day 28 after STZ injection. All animals were anesthetized and sacrificed by

Figure 10. (A) Changes in the mineral apposition rate (MAR) of the mandible between the control group (red columns) and
the type 1 diabetes mellitus (DM) group (blue columns). Alveolar crest (region 1, upper half of the tooth root, near the tooth
crown). Alveolar bone (region 2, lower half of the tooth root, near the root apex). Buccal surface of the jaw bone (region 3).
Inferior border of the jaw bone (region 4). The data are expressed as means ± S.D.; n = 5 for each group. Significantly differ‐
ent from controls, with *P < 0.05. (B) Changes in the bone formation rate (BFR/BS) of the mandible between the control
group and the DM group. Alveolar crest (region 1, upper half of the tooth root, near the tooth crown). Alveolar bone (re‐
gion 2, lower half of the tooth root, near the root apex). Buccal surface of the jaw bone (region 3). Inferior border of the jaw
bone (region 4). The data are expressed as means ± S.D.; n = 5 for each group. Significantly different from controls, with *P
< 0.05. In the buccal surface (region 3) and inferior borders (region 4) of the jaw bone, the MAR (Fig. 4A) and the BFR (Fig.
4B) are significantly suppressed compared with those in the control group (P < 0.05).

Major Topics in Type 1 Diabetes78

transcardiac perfusion by 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). The right
mandibles were removed and fixed in the same solution. After being embedded in polystyrene
resin (Rigolac; Nisshin EM Co. Ltd., Tokyo, Japan), undemineralized ground mesial sections
were cut using water-cooled diamond saw microtome (1600 Microtome; Leitz Wetzlar,
Germany) parallel to the long axis of the rat molars just 2 mm to the mesial surface of the first
lower molar crown; the distal second cut was done 2 mm distal to the crown of the first molar.
The specimen mesial surface was then ground flat with water-cooled silicon carbide discs (600-
and 1200-grade papers; Buehler) until it was possible to observe the two mesial canals and two
mesial pulp chamber horns of the first molar. The ground mesial surface was glued on a glass
slide, and the same grinding procedures were repeated from the distal surface until we can
observe the two mesial canals and two mesial pulp horns of the first molar from the distal side.
The obtained specimen is then wet-polished using diamond paste (1 mm; Buehler) to obtain
a highly polished surface.

3.9.2. Analysis of histomorphometric indices of tooth

Dentine formation indices in control and type 1 diabetes groups were determined in the crown
analogue area parallel to the long axis of the mesial surface of the first molar. A digitizing
morphometry system was used to measure the dentine formation indices. The system
consisted of a confocal laser scanning microscope (LSM510; Carl Zeiss Co. Ltd., Jena, Germany)
and a morphometry program (LSM Image Browser; Carl Zeiss Co. Ltd., Germany). Dentine
formation indices included dentine mineral apposition rate (mm/day) and dentine formation
rate (µm3/µm2/day). The method for the calculation of bone indices was modified from a
method described by Parfitt et al. [74] The calcein-labeled dentine surface (CLS, in mm) was
calculated as the sum of the length of double labels (dL) plus one half of the length of single
labels (sL) along the entire dentine surface; that is, CLS = dL + 0.5sL [17]. The mineral apposition
rate (MAR, in µm/day and in µm2/day) was determined by dividing the mean of the width of
the double labels by the interlabel time (7 days). The dentine formation rate (DFR) was
calculated by multiplying MAR by CLS [18]. For the measurements of mineral apposition rate,
the average of 3 inter-label widths at a 100-µm interval was calculated for each sample.

Green fluorescent lines labeled with calcein fluorescent marker at two different time points
showed that dentine formation took place between day 21 and day 28 in the control and type
1 diabetes groups (Fig. 11A and B). In the type 1 diabetes group, there were significant
decreases in both mineral apposition and dentine formation rates (Fig. 11C and D) when
compared to control group (P < 0.05).

Furthermore, our micro-CT results (details of method not shown) revealed that there was no
significant difference in the enamel and dentine mineral densities between the control and
experimental diabetes groups (Fig. 12). However, the type 1 diabetes group showed a signif‐
icant decrease in the thickness of enamel and dentine surfaces when compared to the control
group (Fig. 13) [79].
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Figure 12. (A) Representative 3D reconstruction of the left mandible imaged by micro-CT. (B) The left mandible with
the vertical reference line extending parallel to the mesial surface of the first molar. (C) Mineral density calibration
curve based on the gray scale values obtained from the mineral reference phantoms (linear regression, R2 > 0.99). (D)
Graph showing that there is no significant difference in the incisor enamel and dentine mineral densities between the
control and T1DM groups.

Figure 11. (A) Frontal section of the lower right mandible. *The lower first molar two roots that were considered the
landmark for cutting all samples. (B, C) Frontal sections of the rat incisor mandibular first molar area. (B) Control; (C)
T1DM. Fluorescent labelling indicates the new dentine formation. (D) The mineral apposition rate (MAR) of the den‐
tine mandibular incisor for the control group and the T1DM group. The data are expressed as means ± SD. n = 10 for
each group. Significant difference from controls, with *P < 0.05. (E) The dentine formation rate (DFR) of the dentine
mandibular incisor for the control group and the DM group. The data are expressed as means ± S.D. n = 10 for each
group. Significant difference from controls, with *P < 0.05).
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Figure 13. (A) The micro-CT oriented image of the rat mandibular incisor showing the three zones (E1–E3) selected for
evaluation of enamel thickness and the three zones (D1–D3) selected for evaluation of dentine thickness. B-buccal; M-
middle; Li-lingual. (B) The T1DM group shows a significant decrease in the thickness of enamel surface when com‐
pared to control group in the three different zones. (C) The T1DM group shows a significant decrease in the thickness
of dentine surface when compared to control group in the three different zones (P < 0.05).

3.10. Suggested mechanism for the effect of diabetic condition on craniofacial complex

Growth of the craniofacial or maxillofacial complex is regulated by genetic and environmental
factors [57]. For normal growth and morphogenesis of the cranial and maxillofacial complex,
a proper regulation by hormones, nutrients, mechanical forces, and various general and local
growth factor is essential. Type 1 diabetes causes a deteriorating growth and metabolic
disorder of bone in both humans and experimental animals [58]. Since studies in humans are
generally limited by small sample size, cross-sectional designs, uncontrolled variables, and
often retrospective natures; it often performed more rigorous analyses using animal models
[56]. We have observed the growth of the rat from 3 weeks of age to 7 weeks of age in our
study. According to the previous craniofacial growth studies, this period corresponds to the
initial stage of growth in humans [80, 81]. Consequently, STZ-induced DM models in our study
were used to investigate the effects of type 1 diabetes on the development of craniofacial
complex. These STZ-induced DM rats showed a significant reduction in the growth of a large
portion of the unit of craniofacial hard tissues compared with control rats, but regarding the
rest of the craniofacial skeletal units (sphenoid bone length, posterior neurocranium height,
anterior corpus length, bigonial width, and palatal width), no significant difference were
observed between the control and the STZ-induced DM groups. In general, craniofacial
skeletal growth was significantly lower in STZ-induced DM group compared to controls in all
three dimensions. The previous study investigated the DM effect exclusively on the growth of
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the mandible and suggested that the diabetic condition had a differential effect on the osseous
components and/or its associated non-skeletal tissues. They discussed that disharmony of the
mandibular growth was due to the condition of the DM, such as renal failure, anemia, body
weight change, or alteration in the food-intake qualities [58]. Thus, we hypothesize that the
deficiency in the craniofacial growth in our experiment might be due to the diabetic condition
in the DM group as it has been reported that specific changes in bone metabolism are associated
with DM. In addition, some of the pathogenic potential, insulinopenia, microvascular bone,
dysregulation of mineral metabolism, changes in local factors that regulate bone remodeling,
and even an intrinsic disorder related to type 1 diabetes, have been proposed [82, 83]. It is
thought that the aforementioned deficiency of the insulin associated with type 1 diabetes may
have a direct effect on bone metabolism. It was reported that normal insulin levels exert a direct
anabolic effect on bone cells [82]. Multiple osteoblast-like cell lines, expressing the insulin
receptor on the cell surface, have a high capacity for insulin binding [84]. Moreover, osteoclast
are known to reduce bone resorption in response to insulin stimulation [85]. These findings
support the view that insulin in bone can act directly against osteoblasts in combination with
the inhibition of osteoclasts [60, 85], and this mechanism of action can be used to explain the
delay in the craniofacial growth in STZ-DM. Diabetes has a detrimental effect on osseous
turnover due to decreased both osteoblast and osteoclast activities and numbers and, a lower
percentage of osteoid surface and osteocalcin synthesis, as well as increased time for miner‐
alization of osteoid [82]. In a separate stage in matrix-induced endochondral bone formation,
the influence of diabetes was reported to have a significant impact on the biomechanical
behavior of bone. In addition, chondrogenesis and calcification of bone were reduced by 50%
in diabetic animals [86]. This was also consistent with our findings that showed a significant
reduction in the craniofacial linear measurements of the DM group. In addition, insulin can
exert synergistic effects with other anabolic agents on bone, such as parathyroid hormone
(PTH) [60, 85]. Type 1 diabetes animal models frequently show the alteration in bone turnover,
retarded growth, increased concentration of PTH, and reduced concentration of 1,25-dihy‐
droxyvitamin D [82, 87]. The effects of PTH on the bones are rather complex; PTH stimulates
resorption or bone formation depending on the concentration used, the duration of the
exhibition, and the administration method [82, 86, 87, 88]. Moreover, 1,25-dihydroxivitamin
D, like PTH, belongs to the most important group of bone regulatory hormones. It regulates
osteoclastic differentiation from hematopoietic mononuclear cells, and osteoblastic functions
and activity [82, 89].

Moreover, insulin may indirectly regulate the increase in the concentration of growth hormone
(GH) in serum concentration by direct regulation of the hepatic growth hormone receptor.
That would result in abnormalities in the insulin growth factor-1 (IGF-1) in T1DM [90] which
consequently might have led to the retarded growth in uncontrolled DM, in our study. In the
present study, the mineral appositional rates and bone formation rate in DM group were
significantly lower in the most area of periosteal surface in mandible as compared to the control
group. These results are in agreement with the previous studies that reported diminished
lamellar bone formation in DM rats’ femur and may suggesting the putative association
between the DM condition and the decreased number and function of osteoblasts [61]. The
alveolar crest region was the only region that did not show a significant difference in the
mineral apposition rate and the bone formation rate parameters between healthy and DM
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the inhibition of osteoclasts [60, 85], and this mechanism of action can be used to explain the
delay in the craniofacial growth in STZ-DM. Diabetes has a detrimental effect on osseous
turnover due to decreased both osteoblast and osteoclast activities and numbers and, a lower
percentage of osteoid surface and osteocalcin synthesis, as well as increased time for miner‐
alization of osteoid [82]. In a separate stage in matrix-induced endochondral bone formation,
the influence of diabetes was reported to have a significant impact on the biomechanical
behavior of bone. In addition, chondrogenesis and calcification of bone were reduced by 50%
in diabetic animals [86]. This was also consistent with our findings that showed a significant
reduction in the craniofacial linear measurements of the DM group. In addition, insulin can
exert synergistic effects with other anabolic agents on bone, such as parathyroid hormone
(PTH) [60, 85]. Type 1 diabetes animal models frequently show the alteration in bone turnover,
retarded growth, increased concentration of PTH, and reduced concentration of 1,25-dihy‐
droxyvitamin D [82, 87]. The effects of PTH on the bones are rather complex; PTH stimulates
resorption or bone formation depending on the concentration used, the duration of the
exhibition, and the administration method [82, 86, 87, 88]. Moreover, 1,25-dihydroxivitamin
D, like PTH, belongs to the most important group of bone regulatory hormones. It regulates
osteoclastic differentiation from hematopoietic mononuclear cells, and osteoblastic functions
and activity [82, 89].

Moreover, insulin may indirectly regulate the increase in the concentration of growth hormone
(GH) in serum concentration by direct regulation of the hepatic growth hormone receptor.
That would result in abnormalities in the insulin growth factor-1 (IGF-1) in T1DM [90] which
consequently might have led to the retarded growth in uncontrolled DM, in our study. In the
present study, the mineral appositional rates and bone formation rate in DM group were
significantly lower in the most area of periosteal surface in mandible as compared to the control
group. These results are in agreement with the previous studies that reported diminished
lamellar bone formation in DM rats’ femur and may suggesting the putative association
between the DM condition and the decreased number and function of osteoblasts [61]. The
alveolar crest region was the only region that did not show a significant difference in the
mineral apposition rate and the bone formation rate parameters between healthy and DM
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groups; this may be attributed to the unique nature of this region exhibiting a highly intensive
bone remodeling process especially during the teeth eruption that decreases toward the base
of the socket [77]. A significant decrease in bone volume fraction, trabecular thickness, and
trabecular numbers was confirmed by micro-CT analysis in DM rats. DM rats also showed a
significant increase in the trabecular separation and the trabecular space when compared with
the control group. This finding indicated the deterioration of the bone quality in the DM group.
These observations are in agreement with other works suggesting that the glycemic levels play
an important role in modulating the trabecular architecture especially in mandibular bone [60].
In this context, these results may describe a state of osteopenia in experimental diabetic rats,
which might be caused by an imbalance between bone formation and resorption. A histometric
evaluation of bone resorption was performed by counting the number of osteoclast cells on
the distal surface of the alveolar bone adjacent to the mesio-buccal root of the second molar.
These evaluations revealed that the number of osteoclasts was significantly lower in the DM
rats than in the controls, in line with the previous studies on DM rats’ mandible and long bones
[58]. These studies confirm that the decreased rate of bone turnover may be associated with
the DM condition. This worsening effect of the structure and dynamic bone formation on
mandible might be due to a number of pathogenic potentials such as insulinopenia, bone
microangiopathy, impaired regulation of mineral metabolism, alteration in local factors that
regulate bone remodeling [57, 83]. However, the adverse effects observed may not be associ‐
ated with the significant loss of rats’ weights observed in the diabetic group starting from day
14 because previous research [57, 60] showed that the mandibular growth was not affected in
normal rats supplied with restricted diet and having same pattern of weight loss resembling
weight loss pattern observed in DM rats.

3.11. Expected mechanism of type 1 diabetes detrimental effects on tooth

Many investigations focused on the various detrimental effects exerted by the type 1 diabetes
on different body organs; however, less attention was paid to the effect of such condition on
teeth. A previous study suggested that the diabetic condition may exert detrimental effects on
enamel formation [91]. However, that study was conducted on an extremely small sample size
of different types of rodents suffering from diabetic conditions that were either genetically
induced or drug induced and did not include a proper number of control rats. Thus, it was of
an extreme importance to study the detrimental effect of diabetes on tooth structure formation
using enough number of experimental animals and to use accurate methods of measurements
as those adopted in the our studies. The null hypotheses tested in our previous study were
partly accepted because the type 1 diabetes condition adversely affected the enamel and
dentine thickness, and the dentine mineral apposition and dentine formation rates; however,
there was no significant effect of the type 1 diabetes condition on the enamel and dentine
mineral densities.

We have demonstrated that the type 1 diabetes condition induced detrimental changes on the
thickness of enamel and dentine. Thus, it could be speculated that the metabolic functions of
the ameloblasts and the odontoblasts may be hindered by the elevated blood glucose level
associated with the type 1 diabetes condition. It was previously suggested that the type 1
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diabetes condition affect ameloblasts and odontoblasts by a mechanism similar to the well-
documented mechanism exerted by the type 1 diabetes condition on osteoblasts bone-forming
cells due to the similarities between the process of dentine, enamel, and bone development
[92]. Moreover, several genetic disorders were found to affect both the osteoblasts and
odontoblasts and thus affecting the mineralization process of bone and dentine, respectively
[92]. However, in contrast to bone, dentine and enamel do not remodel and are not involved
in the regulation of the calcium and phosphate metabolism [93].

It was previously demonstrated that a glucose concentration similar to those observed in
poorly controlled diabetic patients inhibited the osteoblast cells from depositing calcium
during the mineralization process of the bone matrix [94]. One can speculate that a similar
inhibitory effect was exhibited in the current study by the high glucose level on the activities
of the odontoblasts and ameloblasts during the enamel and dentine formation. This inhibitory
effect of increased glucose level on ameloblasts and odontoblasts was suggested by a previous
study that showed that the total calcium content in rat teeth suffering from type 1 diabetes was
significantly lower than those of their controls [95]. Another study reported a significant
decrease in cultured pulp cells ability to proliferate and decreased mineralized nodule
formation upon exposure to high levels of glucose [96]. Another mechanism that might explain
the negative effects exerted by the type 1 diabetes condition on odontoblasts and ameloblasts
activities may be attributed to the increase in blood glucose level that interferes with the
maturation and the proper mineralization of the dentine collagen matrix during the dentine
development stages [97]. Previous research work showed that the histological features of the
ameloblast and its function might be affected by the increased glucose level associated with
the type 1 diabetes condition [98]. Moreover, several clinical observations showed that enamel
susceptibility to caries and the incidence of enamel hypoplasia increased in type 1 diabetes
patients [99]. Furthermore, it was previously suggested that type 1 diabetes condition may
exert a generalized decrease in the metabolic activities of bone cells. All of the aforementioned
findings may suggest that the observed harmful effects exerted by the type 1 diabetes condition
on enamel and dentine in this study may be a part of a generalized detrimental effect exerted
by the diabetic condition on osteoblasts, odontoblasts, and ameloblasts.

4. Conclusion

It is obvious that type 1 diabetes condition significantly affects craniofacial growth, bone
formation mechanism, and the quality of the bone formed, which may alter many aspects of
planning and treatment of orthodontic patients affected by this globally increasing hormonal
disturbance. Moreover, type 1 diabetes condition impairs the proper tooth development and
alters the oral environment rendering teeth more susceptible to dental caries. There should be
a new strategy for treating orthodontic patients suffering from metabolic disorders specially
those disorders having direct and indirect effects on bone growth as the diabetic condition.
The orthodontic craniofacial linear measurements were significantly decreased in the type 1
diabetes cases when compared to normal cases. Moreover, greater risks of developing dental
caries and possible tooth loss are associated with patients suffering from type 1 diabetes; these
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risks may complicate the outcome of orthodontic treatment which is associated with less ability
of orthodontic patients to implement proper oral hygiene measures due to increased areas of
bacterial biofilm formation around orthodontic brackets. These comprehensive studies carried
out on bone and craniofacial growth suggest that planning the treatment in craniofacial region
for patients affected with hormonal disorders is more complex procedure than the treatment
of normal patients. Up-to-date data also suggest that it is of prime importance to keep close
attention to the general systemic condition of these patients and administer the proper
hormonal therapy for these patients when needed to avoid any detrimental effects on bone
resulting from any hormonal imbalance. Moreover, the results of tooth analysis in experimen‐
tal type 1 diabetes model showed that the type 1 diabetes condition suppressed the enamel
and dentine formation; however, the enamel and dentine densities were not affected. This
indicates that diabetic patients may be more susceptible to dental caries and teeth size
discrepancies. Type 1 diabetes patients’ dental problems should be handled carefully, and their
diabetic condition monitoring is of prime importance, especially during early stage of tooth
development.
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Abstract

Diabetic ketoacidosis (DKA) is a leading cause of morbidity and mortality in patients
with type 1 diabetes (T1DM). Individuals familiar with this complication of diabetes
should be able to identify the earliest signs and symptoms and act promptly to pre‐
vent further deterioration. However, even in patients with established diabetes, the
rates of DKA are considerable. This chapter discusses in detail the various aspects of
DKA in the pediatric population with T1DM. The prevalence and regional effects on
the prevalence of DKA as well as the specific risk factors, whether disease, patient, or
physician related, are reviewed. Patients with DKA experience a condition of starva‐
tion despite the abundance of metabolic substrate (i.e., glucose); the pathophysiologi‐
cal mechanisms responsible for the development of DKA are outlined. Next, a
detailed discussion of the clinical aspects of DKA is provided. This includes the clini‐
cal findings at presentation, the approach to treatment, and potential complications.
Prevention is the best method for reducing rates of DKA. Somewhat different factors
apply in patients with new-onset diabetes when compared with those with establish‐
ed diabetes and these are reviewed.

Keywords: Diabetic ketoacidosis, pediatrics, type 1 diabetes, epidemiology, treatment

1. Introduction

Diabetic ketoacidosis (DKA) is an acute life-threatening complication of type 1 diabetes
(T1DM). Despite our detailed knowledge of this condition, rates of occurrence both in new-
onset diabetes and in established diabetes are significant. This chapter will discuss various
aspects of DKA in the pediatric population with T1DM, ranging from epidemiology and
pathophysiology through the spectrum of clinical considerations, including the clinical

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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presentation, diagnosis, treatment, and complications, and will end with a discussion of the
importance and means for prevention of DKA.

Chapter outline:

• Epidemiology of DKA in the pediatric population

• Pathophysiology of DKA

• Clinical presentation and diagnosis of DKA

• DKA Treatment in children

• Complications of pediatric DKA

• Prevention of pediatric DKA

• Conclusion

2. Epidemiology of DKA in the pediatric population

Despite our thorough understanding of the pathophysiology of this potentially life-threaten‐
ing complication of T1DM, DKA remains a relatively common occurrence in childhood
diabetes.

2.1. DKA at diagnosis of T1DM

2.1.1. DKA prevalence

The prevalence of DKA at T1DM diagnosis varies greatly worldwide and ranges between 13%
and 80% in different countries [1-11]. A large systematic review of 65 studies including over
29,000 children worldwide found that the lowest prevalences were reported in Sweden,
Canada, the Slovak Republic, and Finland and the highest prevalences in the United Arab
Emirates, Saudi Arabia, and Romania [1]. Latitude and the regional background incidence of
T1DM were negatively associated with the prevalence of DKA [1, 10, 12]. Increased incidence
of T1DM has previously been associated with more northern latitudes, although it is unclear
whether this represents a true environmental effect or rather reflects ethnic and racial varia‐
tions between populations [13, 14]. Taken together, these associations suggest that decreased
awareness to T1DM and related complications may be a risk factor for DKA at diabetes
diagnosis. To further support this, lack of a family history of diabetes was shown to increase
the risk of presenting with DKA at diabetes diagnosis [7, 15]. However, despite the increasing
incidence of T1DM around the world in recent decades [16], and therefore potentially increased
awareness, the prevalence of DKA at diagnosis appears to remain stable [5, 6, 9, 17]. Data from
the Search for Diabetes in Youth study (SEARCH), a multicenter US study, found that rates
remained stable during 8 years of follow-up for the whole pediatric group as well as when
assessing separately the younger children (<4 years of age) and the older children and [9]. They
also did not detect any significant gender or ethnicity-specific changes over time.
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2.1.2. Risk factors for DKA

The majority of data points to similar rates of DKA at diabetes diagnosis in boys and girls
worldwide [7, 9, 11, 12, 15] (Table 1). However, one study based in Germany did suggest a
slightly increased prevalence in girls [4] and another suggested increased prevalence in girls
when assessing the very young age-group, under 2 years of age [3]. A younger age at diabetes
diagnosis is consistently identified as an important risk factor related to DKA at presentation
[2, 3, 6, 7, 9, 15, 18]. In a systematic review of 46 studies involving 24,000 children worldwide,
younger age was found to be the most common factor associated with increased risk for DKA
at diabetes diagnosis [12]. Different age cutoffs between 2 and 5 years of age were used in
studies to describe this association. Odds ratios higher than 4 were found for Finnish children
under 2 years of age when compared to those 2 years or older [19, 20]. In the SEARCH study
increased prevalence of DKA at presentation was detected in children less than 4 years of age,
particularly when compared to youth 15–19 years of age [7]. The causes for this increased
prevalence in younger children are likely multiple. Younger children are more prone to
misdiagnosis when initially presenting with T1DM [21]. This can reflect a lower index of
suspicion on the physician’s side combined with the difficulty of identifying the classic
symptoms in a toddler; infants and young children might not be able to describe symptoms,
and findings may be similar to those of other acute illnesses. However, toddlers may actually
suffer a more aggressive progression of metabolic decompensation. There is evidence that
younger children have a shorter prodromal period [22] as well as a more rapid decline in beta
cell reserve after diabetes diagnosis [19, 23]. A lower BMI or weight loss have also been
associated with increased risk for DKA at diagnosis in a number of small studies [15, 24].
Children from ethnic minorities are at increased risk for DKA at T1DM onset [12]. In the United
States, higher rates of DKA at diagnosis have been recorded in Hispanic and African American
youth when compared with non-Hispanic white North-American youth [9]. In the UK,
children from an Asian background were at increased risk of presenting with DKA, particu‐
larly if under 5 years of age[11]. Another study from the UK demonstrated that children from
non-white ethnicity were at higher risk of a delayed T1DM diagnosis and that a delayed
diagnosis was associated with increased risk of DKA at presentation [25]. In the Israeli Negev,
the prevalence of DKA at diabetes diagnosis was significantly higher in the Bedouin minority
when compared to either the general population or the Jewish population [26]. In another
study from Israel, children from an Ethiopian origin had an increased prevalence of DKA at
presentation [15]. However, this is not supported by all studies, and others did not find a
predilection to minority groups [7, 27]. Another predictor of DKA is a lower socioeconomic
status [28]. Several components of the socioeconomic status have been identified as significant.
Lower household income was found in US and Canadian studies to be a risk factor [2, 7, 9];
however, European studies did not necessarily support this [29]. In the United States, lack of
private health insurance was also identified [7, 9, 30]. More years of parental education as well
as academic education of the parents were found protective [7, 31, 32]. However, even in the
more privileged populations, the rate of DKA at diagnosis of diabetes is substantial and
recorded to occur in over 20% of patients [7]. “Physician-dependent” factors may also increase
the risk for DKA at diabetes diagnosis. Such factors include delayed diagnosis of diabetes or
a missed diagnosis [25, 21], delayed presentation to secondary care, or delayed treatment after
T1DM diagnosis [10, 17].
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Risk factors for diabetic ketoacidosis at diabetes diagnosis

Patient specific Younger age

Ethnic minority

Lower socioeconomic status

Physician related Delayed diabetes diagnosis

Delayed initiation of treatment

Epidemiological Lower regional background prevalence of T1DM

Residence in a less northern latitude

Risk factors for recurrent diabetic ketoacidosis

Insulin omission and poor adherence to treatment

Poor metabolic control

Previous episodes of DKA

Behavioral and psychiatric disorders

Higher levels of family conflict

Lower socioeconomic status

Limited access to outpatient diabetes care

Table 1. Risk factors for diabetic ketoacidosis in the pediatric population

2.2. DKA in patients with established T1DM

Recurrent DKA is by large a preventable complication in patients with established T1DM. In
a large cohort of 1243 children with T1DM, the incidence of DKA in patients with established
T1DM was 8/100 person-years [33]. Another study assessing a large database of children with
established T1DM from Germany and Austria evaluated the incidence of DKA in the most
recent year of follow-up [34]. They found that 6% of children suffered from DKA, 5% had a
single episode, and 1% had two or more episodes. Two smaller studies followed children with
T1DM for about 8 years and found 20–28% to experience at least one episode of DKA [26, 35].
As reflected in these data, it is estimated that it is the same small proportion of patients (around
20%) that account for the majority of admissions for DKA [33, 36]. Insulin omission and poor
adherence to treatment are major risk factors [37] (Table 1). Poorer diabetes control, higher
hemoglobin A1c, higher insulin doses, and previous episodes of DKA are also important risk
factors [33, 34, 38]. Recurrent DKA episodes peak in teenage years, particularly in females [33,
34]. Moreover, the incidence of DKA was found to increase with age in females, yet remained
stable in males. A study evaluating the role of patient and family psychosocial functioning as
predictors of recurrent acute diabetic complications [35] found girls with recurrent DKA to
demonstrate lower social competence and higher rates of behavioral problems. The families
exhibited higher levels of family conflict and decreased family cohesion and organization.
Major psychiatric disorders have also been implicated in recurrent DKA [39]. As is the case in
DKA at T1DM diagnosis, lower socioeconomic status and limited access to outpatient diabetes
care are also predictors of recurrent DKA [39].
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3. Pathophysiology of DKA in children

By definition, hyperglycemia and ketoacidosis are the major components of DKA [40]. The
initial impairment leading to DKA is an absolute or relative insulin deficiency. The sequence
of events that follows leads to a patient that suffers hyperglycemia, dehydration, acidosis,
electrolyte deficiencies, and variable degrees of cerebral dysfunction [41] (Figure 1). In a patient
with new-onset diabetes, the cause for the insulin deficiency is the progressive deterioration
in beta cell reserve and function [42]. In patients with established diabetes, insulin omission
(intentional, as a result of insulin pump failure or other technical problems, or related to lack
of access to medical care) is a major cause. Acute stress, commonly induced by an intercurrent
illness, might precipitate DKA. During stress, counterregulatory hormone (glucagon, cortisol,
growth hormone, and epinephrine) levels increase, causing hyperglycemia and an increased
requirement for insulin. If this increased need for insulin is not met, DKA may ensue. Fur‐
thermore, an acute illness may impair the child’s ability to replace fluid losses.

Insulin deficiency leads to hyperglycemia as a result of decreased utilization of glucose at the
same time of increased hepatic and renal glucose production. Hyperglycemia increases serum
osmolality, and in response, thirst is induced and osmotic diuresis occurs. The increased fluid
loss further promotes polydipsia. Because of the unavailability of glucose to tissues, compen‐
satory mechanisms are activated. Counterregulatory hormones are secreted, leading to
increased glucose production by gluconeogenesis and glycogenolysis [43]. Insulin resistance
increases and lipolysis is promoted, resulting in production of free fatty acids (FFAs). FFAs
are metabolized into ketone bodies, particularly β-hydroxybutyrate, by the liver as an
alternative energy source. The accumulation of ketones leads to metabolic acidosis. Another
result of the decreased insulin and elevated counterregulatory hormone levels is proteolysis
and reduced production of proteins. By this mechanism, substrates for gluconeogenesis are
added, further contributing to the hyperglycemia. Initially, plasma ketone body levels rise,
causing ketonemia and a base deficit; compensating mechanisms are activated and might lead
to measurement of a normal pH. As the condition progresses, ketones further accumulate,
ketonuria occurs, and eventually the metabolic acidosis becomes evident. The ketoacidosis
causes decreased bowel motility, particularly of the small bowl, accompanied by nausea and
vomiting. At this stage, the patient may be unable to compensate for the urinary fluid losses.
In a vicious cycle, dehydration impairs the renal ability to clear glucose and ketoacids, thus
further worsening the hyperglycemia and acidosis. The increasing osmolality, dehydration,
and acidosis decrease cerebral function. This might be manifested as lethargy, or even an
altered level of consciousness, further impairing the patient’s ability to rehydrate. At presen‐
tation, the degree of dehydration ranges from mild to severe, with the majority of children
presenting with moderate degrees of dehydration [44]. To compensate for the acidosis,
respiratory mechanisms are activated, causing the labored, rapid, deep breathing typically
described in patients with DKA (i.e., Kussmaul respirations). The acetone released in the breath
results in a characteristic fruity odor.

Serum hyperglycemia and hyperosmolarity together with the acidosis and osmotic diuresis
lead to significant electrolyte deficiencies and imbalances [40, 45, 46].
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3.1. Potassium depletion

Total body stores of potassium are depleted in basically every patient with DKA, and the
average potassium loss is 5 mmol/kg body weight. However, the serum potassium levels may
not reflect these losses, and the actual level may be low, normal, or even elevated, particularly
if renal function is impaired. The entry of hydrogen ions, accumulated extracellularly due to
the acidosis, into cells drives out the intracellular potassium. The osmotic diuresis together
with the high levels of aldosterone secreted as a result of the dehydration cause significant

Figure 1. Pathophysiology of diabetic ketoacidosis. 

* May be induced by stress, infection, or inadequate insulin dosing in a patient with 
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urinary loss of potassium. Emesis might cause further loss of potassium through the gastro‐
intestinal tract. However, an exception is patients with severe volume depletion, in whom
renal insufficiency may lead to hyperkalemia. During treatment of DKA, both the insulin itself
and the reversal of acidosis generate a net shift of potassium back into cells. Moreover, there
is some evidence suggesting a kaliuretic effect of insulin [47]. Altogether, these may result in
severe hypokalemia. Patients with hypokalemia at presentation likely suffer more severe total
body potassium depletion and are at particular risk of severe hypokalemia and cardiac
instability as treatment is provided.

3.2. Sodium and chloride depletion

The osmotic diuresis in DKA results in urinary loss of sodium, and the hyperosmolar state
drives water out of cells into the extracellular space, leading to dilutional hyponatremia. The
average sodium loss is 6 mmol/kg body weight. Chloride is secreted in the urine with sodium,
and the loss is on average 4 mmol/kg body weight. It should be kept in mind that the admin‐
istration of chloride during the treatment of DKA may lead to hyperchloremic metabolic
acidosis, thus interfering with the correction of acidosis.

3.3. Phosphate depletion

Phosphate shifted extracellularly by the acidosis is then lost in the urine. Phosphate losses can
be substantial and are estimated to be about 0.5–2.5 mmol/kg body weight. Significant
hypophosphatemia has the potential to impair oxygen delivery to tissues and cause muscle
weakness. However, despite very low serum levels of phosphate in some patients, such
complications are rare, and studies did not demonstrate a benefit for phosphorous replacement
[48, 49].

Beyond the electrolyte deficiencies described, in recent years, several studies have pointed
out that a deficiency of thiamine (vitamin B1), a water-soluble vitamin of the B complex,
may be clinically significant in patients with DKA. Thiamine deficiency was found to be
common in children with DKA and may worsen with treatment [50]. The role of this defi‐
ciency in the clinical presentation of DKA is yet to be revealed.

4. Clinical presentation and diagnosis of DKA

Metabolic decompensation in DKA usually develops over a period of hours to a few days.
Progression can be particularly rapid in patients with established diabetes. Misdiagnosis of a
patient with new-onset diabetes may lead to deterioration of the metabolic status. Particularly
in young children, misdiagnosis may be a result of the nonspecific symptoms and signs often
described in DKA. The earliest clinical manifestations of DKA are related to hyperglycemia
and may differ according to age, length of prodromal period, degree of acidosis, and volume
depletion [51, 52]. Symptoms and signs in DKA are most often related to the hyperglycemia,
dehydration, and acidosis [4, 53-55].
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4.1. Symptoms

• Polydipsia, polyuria, and/or nocturia are almost always present, although often not
reported.

• Nocturnal or daytime secondary enuresis is often described; polyphagia and weight loss
may occur.

• As a result of the acidosis, patients may suffer nausea, vomiting, abdominal pain, shortness
of breath, lethargy, or fatigue.

4.2. Physical signs

• Dehydration: Children with DKA often present with 5–10% fluid deficit [51, 56]. They may
lack the classical signs of hypovolemia and dehydration because of the acute and chronic
losses of both extracellular and intracellular water [57]. Findings depend on the degree of
dehydration and may include dry oral mucosa and decreased skin turgor, tachycardia, a
sunken fontanelle, and/or sunken eyes. Most patients are normotensive, although postural
hypotension can occur.

• Tachypnea or Kussmaul (deep, sighing, and labored) respiration with a fruity acetone odor.

• Signs of decreased tissue perfusion such as a slow capillary refill.

• Neurologic findings [58]: from confusion and drowsiness to decreased consciousness and
coma. Neurologic findings should raise the suspicion of cerebral edema.

In infants, especially those who are not toilet trained, the diagnosis may be delayed. Weight
loss, irritability, and decreased activity are common at presentation. Dehydration and severe
diaper rash may be the only physical signs. Older children and adolescents can manifest
profound wasting, cachexia, and prostration on DKA presentation, especially with a prolonged
course of uncontrolled/misdiagnosed diabetes.

4.3. Laboratory findings

4.3.1. Diagnostic criteria

Biochemical criteria for the diagnosis of DKA are defined as follows [40, 51, 56, 59]:

• Hyperglycemia: blood glucose (BG) >200 mg/dl (11 mmol/L)

• Metabolic acidosis: venous pH <7.3 and/or bicarbonate <15 mmol/L

• Ketonemia and ketonuria: serum beta hydroxybutyrate ≥3 mmol/L

On certain occasions, patients may present with “euglycemic ketoacidosis” where glucose
levels are near normal [54, 59]. This may develop in young children who consumed small
amounts of carbohydrates or are partially treated or in children with emesis.

The severity of DKA is established by the degree of acidosis: mild DKA, pH 7.2–7.3 or
bicarbonate <15 mmol/L; moderate DKA, pH 7.1–7.2 or bicarbonate 5–10 mmol/L; and severe
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DKA, pH <7.1 or bicarbonate <5 mmol/L [51, 56, 58]. The duration of symptoms, volume deficit,
degree of ketosis, and neurologic status further determine the severity of illness in a child with
DKA.

4.3.2. Acid–base balance

Acidosis is caused by the production and accumulation of ketones in the serum [49]. Three
ketones are produced in DKA: two ketoacids (beta-hydroxybutyrate and acetoacetate) and the
neutral ketone, acetone. In DKA, beta-hydroxybutyrate constitutes 75% of the circulating
ketones. During recovery, it is converted to acetoacetate and acetone, which persists for a
longer period. Therefore, measuring serum beta-hydroxybutyrate is the most useful for
diagnosis. The severity of the metabolic acidosis is dependent on the compensatory respiratory
alkalosis, the acid excretion in the urine [60], and the duration and rate of increased ketoacid
production. The serum anion gap (AG) is an index of unmeasured anions in the blood (normal
in children is 12 ± 2 mEq/L). Most patients with DKA present with a high AG (≥20 mEq/L) due
to high serum levels of ketoacids. The resolution of ketoacidosis is followed by a normal AG.

4.3.3. Electrolyte imbalances

Laboratory tests that should be routinely monitored in the setting of DKA include serum
glucose, electrolytes, creatinine and BUN, blood gases, pH, bicarbonate, and a complete blood
count. Changes over time in electrolytes and renal function tests must be followed.

Serum potassium: As mentioned earlier, potassium loss can be a result of increased ketoacid
excretion, osmotic diuresis, vomiting, or diarrhea. The serum potassium concentration may
be normal, increased, or decreased at diagnosis of DKA. However, monitoring of potassium
levels is crucial because hypokalemia may eventually develop.

Serum sodium: Low serum sodium in DKA may occur due to hyperglycemia and its effect on
plasma osmolarity. Polydipsia and excessive consumption of water can also contribute to
lowering sodium concentration. Osmotic dieresis and water loss in excess of sodium and
potassium will tend to raise the serum sodium concentration. Hyperlipidemia can cause
pseudohyponatremia [61].

Serum phosphate: Decreased phosphate intake and phosphaturia may result in a negative
phosphate balance. At presentation of DKA, serum phosphate is usually normal or high due
to the combined effect of metabolic acidosis and insulin deficiency. The degree of phosphate
loss in DKA is apparent after insulin treatment [62].

4.4. Differential diagnosis of DKA

DKA should be differentiated from other causes of acidosis and/or hyperglycemia, such as
acute gastroenteritis with metabolic acidosis, uremia, salicylate intoxication, starvation ketosis
and lactic acidosis. When the presenting symptom is altered consciousness or coma, encepha‐
litis and other CNS pathologies must be ruled out. Diabetic ketoacidosis should also be
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distinguished from the hyperosmolar hyperglycemic state, which is infrequent in children [51,
57, 63]. The main differences between these conditions are the degree of acidosis and insuli‐
nopenia.

5. DKA treatment in children

Successful treatment of DKA requires correction of dehydration, acid–base and electrolyte
imbalances, insulin administration, and identification of comorbid and precipitating condi‐
tions. This treatment may be associated with inherent risks of inducing hypoglycemia,
hypokalemia, and cerebral edema. Therefore, any protocol must be used with caution, and
close monitoring of patients is crucial. Children with severe DKA, an altered level of con‐
sciousness, or those who are at increased risk for complications should be considered for
treatment in an intensive care setting. In this chapter, we will focus on the general principals
and considerations in DKA management as well as controversies regarding DKA treatment.

5.1. Standard protocols for DKA management

There is some variability in protocols for DKA management, but the basic principles are similar
in the various protocols available in the literature [40, 51, 64, 65]. Protocols enabling stand‐
ardization of treatment are of great value to the treating team involved; however, clinical
judgment should always be practiced. Frequent monitoring of the patient is a very important
aspect of the treatment and should include meticulous documentation of clinical observations,
fluid balance, laboratory results, and medications administered. A neurological follow-up for
warning signs and symptoms of cerebral edema is also essential.

5.2. Fluid replacement

Fluid replacement in children with DKA remains a controversial topic with regard to the
amount of intravenous fluid, rate of delivery, and fluid composition. Current recommenda‐
tions are based on expert consensus statements and accumulated clinical experience, as
evidence from large randomized clinical trials is lacking.

5.2.1. First hour fluid resuscitation

The goals of initial volume expansion are to restore the effective circulating volume and the
glomerular filtration rate. Intravenous fluid administration bares the risk of inducing an
elevation in the intracranial pressure (ICP), potentially resulting in cerebral edema, and thus
should be done carefully [66, 67]. In a rabbit model of DKA, the use of hypotonic fluids,
compared with isotonic, was associated with greater rises in ICP [66]. Some studies suggest
that rapid fluid replacement may increase the risk of cerebral edema [68, 69], although other
studies did not support this finding [70, 71]. Studies in both adults and children demonstrated
a more rapid correction of acidosis when a slower rate of fluid administration with isotonic or
near-isotonic solutions was used [72, 73]. Hyperchloremic metabolic acidosis is another often
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5.1. Standard protocols for DKA management

There is some variability in protocols for DKA management, but the basic principles are similar
in the various protocols available in the literature [40, 51, 64, 65]. Protocols enabling stand‐
ardization of treatment are of great value to the treating team involved; however, clinical
judgment should always be practiced. Frequent monitoring of the patient is a very important
aspect of the treatment and should include meticulous documentation of clinical observations,
fluid balance, laboratory results, and medications administered. A neurological follow-up for
warning signs and symptoms of cerebral edema is also essential.

5.2. Fluid replacement

Fluid replacement in children with DKA remains a controversial topic with regard to the
amount of intravenous fluid, rate of delivery, and fluid composition. Current recommenda‐
tions are based on expert consensus statements and accumulated clinical experience, as
evidence from large randomized clinical trials is lacking.

5.2.1. First hour fluid resuscitation

The goals of initial volume expansion are to restore the effective circulating volume and the
glomerular filtration rate. Intravenous fluid administration bares the risk of inducing an
elevation in the intracranial pressure (ICP), potentially resulting in cerebral edema, and thus
should be done carefully [66, 67]. In a rabbit model of DKA, the use of hypotonic fluids,
compared with isotonic, was associated with greater rises in ICP [66]. Some studies suggest
that rapid fluid replacement may increase the risk of cerebral edema [68, 69], although other
studies did not support this finding [70, 71]. Studies in both adults and children demonstrated
a more rapid correction of acidosis when a slower rate of fluid administration with isotonic or
near-isotonic solutions was used [72, 73]. Hyperchloremic metabolic acidosis is another often

Major Topics in Type 1 Diabetes104

overlooked risk resulting from the use of large volumes of normal saline (NS) (0.9%) [73, 74].
At present, there is no data that support the use of colloid in preference to crystalloid in the
treatment of DKA. Based on these data, most protocols recommend an initial IV infusion of
10–20 ml/kg of normal saline (NS) (0.9%) or Ringer’s lactate over the first 1 to 2 h of treatment.
Fluid boluses may be repeated according to the patient’s hemodynamic status. However, total
IV fluids should not exceed 40 ml/kg in the initial 4 h of treatment due to the aforementioned
risks.

5.2.2. Fluid replacement over the next 24–48 h of treatment

Once the child is hemodynamically stable, subsequent volume expansion should be given
more gradually, with a goal of replacing the remaining fluid deficit over the next 24 to 72 h.
Significant additional fluid loss after initiation of treatment is rare because vomiting and
excessive urine output usually resolve within the first hours of treatment. Half NS or NS (0.45–
0.9%) solutions are appropriate for replacement. The rate of fluid administration is guided by
the estimated degree of dehydration and fluid deficit. Calculating the effective osmolality is
also of use, and most often, replacement is in the range of 1.5–2 times the usual maintenance
requirement based on age and weight. Unless a contraindication exists, potassium must be
added at this time (see below). To prevent a rapid decrease in plasma glucose concentration
and hypoglycemia, 5% glucose should be added to the IV fluid when the plasma glucose falls
to approximately 250–300 mg/dl (14–17 mmol/L), or sooner if rapidly decreasing. Fluids that
were given in another facility before assessment should be factored into calculation of deficit
and be subtracted from the 24-h totals.

5.3. Insulin administration

5.3.1. Intravenous insulin administration

Insulin therapy is essential to suppress lipolysis and ketogenesis and to correct acidosis. Insulin
infusion is recommended 1–2 h after starting fluid replacement therapy and initial volume
expansion. An initial IV bolus of insulin is unnecessary, it was not shown to affect the duration
of time to attaining a serum glucose level of less than 250 mg/dl, yet it may increase the risk of
cerebral edema [69, 75, 76]. A slow infusion of a low dose of 0.1 U/kg/h IV insulin is considered
the standard of care in pediatric DKA [77, 78]. The dose of insulin should remain 0.1 U/kg/h
at least until the resolution of DKA (pH >7.30; bicarbonate >15 mmol/L and/or closure of the
anion gap). It is possible that even a lower dose of insulin is sufficient for DKA treatment. A
recent randomized control trial compared a very low dose IV insulin infusion (0.05 U/kg/hr)
to the standard dose. Similar results were achieved in terms of the rate of blood glucose
decrease and the resolution of acidosis, suggesting that a dose lower than the current standard
dose can be used [78].

5.3.2. Subcutaneous insulin regimens

Few studies, mostly in adults, demonstrated subcutaneous rapid acting insulin injected every
1–2 h to be a valid alternative for the standard intravenous insulin treatment of mild-to-
moderate uncomplicated DKA [79, 80]. In our practice, we administer subcutaneous regular

Diabetic Ketoacidosis in the Pediatric Population with Type 1 Diabetes
http://dx.doi.org/10.5772/60592

105



insulin (SCRI) every 4 h for treating children with DKA and pH ≥7.00 and K >2.5 mEq/L. Insulin
therapy is initiated during the second hour of treatment and administered every 4 h until
resolution of DKA. The insulin dose is calculated as 0.8–1 IU/kg/day divided by 6. This
treatment was found to be a simple, effective, and safe alternative to the standard DKA
protocol. Such treatment has the potential to simplify insulin administration and reduce both
patient inconvenience and admission costs. Subcutaneous insulin should not be used in
subjects whose peripheral circulation is impaired.

5.4. Electrolyte replacements

5.4.1. Potassium replacement

Children with DKA suffer from total body potassium deficits of approximately 3–6 mmol/kg.
Hypokalemia at presentation may be related to prolonged duration of disease, whereas
hyperkalemia primarily results from reduced renal function [60]. Insulin administration and
the correction of acidosis drive potassium back into the cells, which may cause hypokalemia
and predispose the patient to cardiac arrhythmias. Replacement therapy is usually required
regardless of the serum potassium concentration. In most protocols, potassium is not given
during the first hour of fluid resuscitation unless the patient is hypokalemic, in which case
some protocols recommend adding potassium to the initial volume expansion before starting
insulin therapy. Potassium can be given as potassium phosphate or potassium chloride. The
starting potassium concentration in the infusate should be 40 mmol/L. Subsequent potassium
therapy should be based on serum potassium measurements.

5.4.2. Phosphate and calcium replacement

Prospective studies have not shown clinical benefit from phosphate replacement [48, 49, 81].
The deficit usually corrects spontaneously, although it should be kept in mind that it may
persist for several days after the resolution of DKA [45]. Therefore, only severe and sympto‐
matic hypophosphatemia accompanied by significant weakness should be treated with
phosphate supplements. Potassium phosphate may be used safely in combination with
potassium chloride or acetate to avoid hyperchloremia. Careful monitoring of serum calcium
should be performed to avoid hypocalcemia. In a study on nine children with DKA, during
phosphate infusion, transient hypocalcemia occurred in 67% and transient hypomagnesemia
in 56%. One child developed carpopedal spasms refractory to intravenous infusion of calcium
gluconate but responsive to intramuscular injection of magnesium sulfate. In 33%, parathyroid
hormone was low at the time of hypocalcemia, an observation that suggests transient hypo‐
parathyroidism [82].

5.4.3. Bicarbonate therapy

Acidosis is reversible by insulin replacement. Several clinical trials have shown no clinical
benefit from bicarbonate administration in pediatric DKA [83-86]. Moreover, bicarbonate
therapy may cause paradoxical CNS acidosis. Bicarbonate crosses the blood–brain barrier
slowly, yet the CO2 formed (HCO3 + H+ →H2O + CO2) crosses rapidly into the CNS forming
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H2CO3, thus worsening the CNS acidosis [87, 88]. As a result of the sodium supplement
included in the bicarbonate preparations, this therapy may be associated with hypokalemia
and increasing osmolality. Bicarbonate administration was also reported as a risk factor for
cerebral edema in several studies [51, 69, 89]. Despite all the risks mentioned, in must be kept
in mind that patients with severe acidemia (arterial pH ≤6.9) in whom decreased cardiac
contractility and peripheral vasodilatation can further impair tissue perfusion and patients
with life-threatening hyperkalemia may benefit from cautious alkali therapy [84]. If bicarbon‐
ate is considered necessary, it should be cautiously administered at a dose of 1–2 mmol/kg
over 60 min.

5.5. Introduction of oral fluids and transition to SC insulin injections

Upon resolution of DKA and when substantial clinical improvement has occurred, oral fluids
can be introduced and a protocol of subcutaneous insulin can be initiated or restarted.

6. Complications of pediatric DKA

As mentioned in detail earlier, diabetic ketoacidosis (DKA) is treated with fluids, electrolytes,
and insulin. With prompt treatment, complications of DKA are uncommon. However, when
complications do occur, they are usually serious with significant mortality and long-term
morbidity. Surprisingly, the most common complication of DKA (cerebral edema) may be
related to this lifesaving treatment.

6.1. Cerebral edema

Cerebral edema is a devastating and unpredictable complication of DKA and its treatment.
Epidemiological studies demonstrate that overall cerebral edema occurs in around 7/1000
episodes of DKA and is more common in children and newly diagnosed patients. Other studies
found that clinically apparent cerebral edema develops in 1–2% of children with DKA [90].
The pathophysiology of cerebral edema is not well understood, and it is likely that several
processes contribute to the development of this complication: ischemic, osmotic, and vaso‐
genic.

Osmotic: ultimately, cerebral edema is due to excessive entry of water into the cells of the central
nervous system due to the presence of intracellular idiogenic osmoles causing swelling of the
brain as serum osmolality drops during treatment.

Vasogenic: studies using magnetic resonance diffusion weighted imaging demonstrate that the
apparent diffusion coefficient of brain water is greater during treatment of DKA than during
recovery, indicating increased extracellular fluid due to an increase in blood brain barrier
permeability during the acute treatment phase of DKA [91-93]. These findings are consistent
with the vasogenic cerebral edema, i.e., fluid surrounding the cells, rather than osmotic cell
swelling that has previously been suggested. This vasogenic theory is also supported by the
fact that the degrees of dehydration and hyperventilation at presentation, but not initial
osmolality or osmotic changes during treatment, were correlated with degree of edema
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formation [92]. This edema (within the enclosed space of the cranium) can cause transtentorial
brain herniation through the foramen magnum, leading to unconsciousness and respiratory
arrest.

6.1.1. Risk factors for cerebral edema

Several case–control studies have pointed out risk factors for the development of cerebral
edema [69, 70, 94, 95]. These can be divided into two main groups.

Risk factors related to disease severity at presentation:

a. Younger age

b. Newly diagnosed compared with established diabetes

c. More severe acidosis at presentation

d. Higher serum urea levels

e. Lower partial arterial CO2 (PaCO2) values

Risk factors related to therapy:

a. Larger volume of fluid given during the first 4 h of treatment

b. Administration of bicarbonate

c. Lower plasma sodium concentrations

d. Administration of insulin within the first hour of treatment

6.1.2. Symptoms and signs

These typically appear within 6–24 h after starting intravenous fluids and insulin treatment.
Therefore, it is crucial to monitor and recognize the early warning signs of cerebral edema
through careful monitoring of all DKA patients. These include signs and symptoms of
increasing intracranial pressure, such as a decline in the level of consciousness, headaches,
bradycardia, depressed respiration and apnea, papillary changes, papilledema, posturing,
seizures, and coma.

6.1.3. Diagnosis

The diagnosis of cerebral edema is clinical. Recognition of the above-mentioned signs and
symptoms should allow early intervention and hopefully prevention of morbidities associated
with this condition. CT or MRI of the brain should be performed to rule out other diagnoses
and potentially confirm the diagnosis of cerebral edema. However, it should be emphasized
that radiographic imaging may be unhelpful in detecting cerebral edema if performed very
early after the development of symptoms.

6.1.4. Treatment of cerebral edema

The patient should be treated and monitored in the intensive care unit; however, if located
elsewhere, initial treatment must not be delayed until transitioned. Mannitol or hypertonic
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saline should be readily available for use at the earliest signs and symptoms of cerebral edema.
Other measures include a reduction in the rate of fluid administration and elevation of the
head of the bed. Mannitol 1 g/kg (5 ml/kg of mannitol 20%) should be administered over 15
min; alternatively, hypertonic saline (3% NaCl) 5–10 ml/kg over 30 min can be administered.
This treatment will reduce brain edema and blood viscosity and improve cerebral blood flow.
Intubation and ventilation may be necessary to provide adequate ventilation and correct
acidosis. Aggressive hyperventilation has been associated with poor neurological outcome
and is not recommended [96].

6.2. Hypoglycemia and hypokalemia

These are additional potential complications of DKA treatment. Both are discussed earlier in
the chapter.

6.3. Rare complications of DKA

6.3.1. Adult respiratory distress syndrome

This has been reported in patients with DKA, especially in patients younger than 50 years.
Clinical features include dyspnea and tachypnea, with central cyanosis and nonspecific chest
symptoms.

6.3.2. Acute renal failure

This can develop due to severe dehydration. Once fluid replacement is restored, kidney
function should start to recover.

6.3.3. Thromboembolic complications

These may arise as a consequence of dehydration, increased blood viscosity, and coagulability.
Rehydration and restoration of body fluids might help in preventing these complications [97].
Established thromboembolic complication should be treated promptly.

7. Prevention of pediatric DKA

The best approach for decreasing the burden of DKA is prevention. Preventive measures are
based on the identified risk factors of T1DM and DKA and on their clinical presentation. Risk
factors differ between DKA at the time of T1DM diagnosis and episodes occurring in patients
with established diabetes. Identifying high-risk children, using both immunologic and genetic
methods, can lead to earlier diagnosis of diabetes and decreased DKA incidence at disease
onset [10, 33, 98, 99]. However, such screening raises obvious ethical questions, as the exact
risk or timing of the development of diabetes in a child at risk are not known and no treatment
has proved protective thus far. In families with T1DM, a special attention to early symptoms
and signs is recommended to detect the onset of diabetes in other members and to prevent
future DKA [51].
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Greater public awareness to signs and symptoms of DKA has been related to decreased rates
of DKA. This is further emphasized by the success of awareness campaigns in decreasing the
rates of DKA. A campaign to increase awareness of physicians, schools, and parents was
carried out in Parma, Italy [1991–1997] [100, 101]. The researchers displayed posters in pediatric
centers, schools, and physician offices and demonstrated a significant reduction in the DKA
rate from 78% to 12% in 6–14 years old children over an 8-year period. An Australian study
demonstrated a reduction in DKA prevalence in new-onset diabetes from 38% to 14%, when
repeating the Parma study diabetes awareness campaign [102]. However, it is important to
mention that not all such programs have been successful [5], and complex risk factors might
be involved.

The rates of DKA in patients with established diabetes can also be reduced. Identifying the
specific causes for recurrent DKA in a child is important and may prevent future DKA events
[40]. Detailed and intensive diabetes education programs, telephone help lines, and availability
of skilled health care providers can reduce DKA occurrence [103-106]. Education programs
lead to better understanding of the disease and might assist families in identifying times of
increased risk (i.e., intercurrent illness or pump malfunction) as well as early signs of deteri‐
oration and of DKA. Such programs are important to the noncompliant children, especially
those with recurrent episodes of DKA, and should be led by professional teams [17, 107].
Education and adult guidance were shown to decrease insulin omission in patients with
recurrent DKA episodes [108]. Early identification of ketosis, using home measurement of beta-
hydroxybutyrate, can prevent progression to DKA [109].

8. Conclusion

DKA is a serious complication of pediatric T1DM. The pathophysiology is complex, demon‐
strating reciprocal effects between the metabolic derangements involved. A “hunger” response
takes place despite the abundance of metabolic substrate. Various risk factors have been
identified, some are patient related yet others emphasize the important effects of both family
and social circumstances. DKA is largely preventable, and efforts to further increase awareness
to this complication of diabetes should be encouraged.
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Abstract

This chapter focuses on medical nutrition therapy (MNT) in type 1 diabetes mellitus
(T1DM), which is vital to achieve metabolic control in patients suffering from this
disease. The nutritional goals for people with T1DM are reviewed, which aim at
maintaining near-normal blood glucose levels by coordinating insulin therapy, diet,
and physical activity patterns. A nutrition prescription is given, and recommenda‐
tions for appropriate MNT in type 1 diabetes are deduced. Glycemic targets in people
with T1DM are highlighted; moreover, the principle of carbohydrate consistency and
insulin adjustments with food intake are stressed upon. Meal planning approaches to
achieve carbohydrate consistency, including carbohydrate counting, exchange
system, and sample meal plans, are explained. Weight management, energy require‐
ments, macronutrients and micronutrients needs, as well as nutritional management
during exercise and supports take special attention in this chapter.

Information in this chapter is retrieved from evidence-based resources and evidence-
based guidelines. If the latter are not available, information retrieved from high-
quality research studies, consensus statements, and well-based experts opinions are
included.

Keywords: Medical nutrition therapy, type 1 diabetes mellitus, carbohydrate con‐
sistency, meal plans

1. Introduction

Management of type 1 diabetes mellitus (T1DM) is a complex task, integrating multiple factors,
but it is ultimately centered on the approach to nutrition. Proper attention to diet is a major
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factor in minimizing hypoglycemia and weight gain while achieving glycemic control; the
latter has been shown to markedly diminish the likelihood of chronic diabetic complications,
namely, neuropathy, nephropathy, retinopathy, and coronary artery disease (CAD), in
patients with type 1 diabetes [1].

2. General principles of Medical Nutrition Therapy (MNT) in type 1
diabetes

MNT is an integral component of diabetes management and diabetes self-management
education. Nutrition advice should be tailored for people with T1DM based on age, medical,
lifestyle, and personal factors, taking into account associated diabetes complications and other
concomitant conditions for every individual. Consideration should also be given to an
individual's culture and beliefs, eating patterns, and food availability [2].

The following aspects should be highly considered:

i. The nutrition prescription: ABC

Optimally manage the "ABCs" of diabetes control:

• Glycated hemoglobin (A1C)

• Blood pressure

• Low-density lipoprotein (LDL)-cholesterol

ii. The nutritional goals for people with type 1 diabetes [3]

• Maintain blood glucose (BG) concentrations in as physiologically a normal range
as possible, by coordinating diet and physical activity patterns and insulin therapy.

• Minimize episodes of hypoglycemia.

• Maintain optimal blood pressure and lipid levels.

• Manage weight appropriately by providing adequate calories, thus also ensuring
normal growth and development for children and adolescents with T1DM both
physically and emotionally.

• Manage risk factors and prevent complications of diabetes.

• Improve overall health through healthful food choices.

• Address individual nutrition needs, incorporating personal and cultural prefer‐
ences [3].

iii. General recommendations for MNT in type 1 diabetes

Current nutrition recommendations for children and adolescents with diabetes mellitus are
rooted in the same principles as those established for all healthy children and adolescents
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without diabetes. Individualized meal plans should emphasize a wide variety of healthy food
choices to meet the recommended nutrient intakes for essential vitamins and minerals, energy,
and fiber and to provide for normal growth and development [4].

The patient should be advised of the following:

• Adhering to the negotiated meal plan

• Adjusting food and/or insulin in response to hyperglycemia

• Adjusting insulin dose for meal size and content

• Appropriately treating hypoglycemia [5]

Glycemic targets in people with diabetes are as follows:

• Fasting BG: 90–130 mg%

• Two-hour postprandial (2 h pp); BG: less than 180 mg%

• Glucose excursion: 2 h pp more than BG before meal by 30–50 mg%

• HBA1c: less than 7 mg% [1]

MNT for type 1diabetes should consider five key aspects:

1. Establishing carbohydrate consistency at meals and snacks

2. Adjusting insulin for variations in blood glucose, food, or physical activity

3. Balancing caloric intake and expenditure for optimum weight management

4. Balancing the nutritional content of selected protein, carbohydrates, and fats

5. Adjusting meal-insulin timing [6]

2.1. Carbohydrate consistency

• Variations in food intake, particularly carbohydrate, should be minimized to avoid fluctu‐
ations in blood glucose. Reductions in medication or insulin doses are necessary when there
is decrease in carbohydrate intake.

• When using a long-acting basal insulin and a rapid-acting insulin as bolus doses, this allows
flexibility in adjustments of insulin dose according to carbohydrate intake. On the other
hand, using fixed doses of short- and intermediate-acting insulin require more carbohydrate
consistency in timing and amounts.

• Patients who use short-acting insulin analogs or who use insulin pumps may need to take
additional bolus insulin injections with snacks that contain more than 10–15 g of carbohy‐
drate [7].

2.2. Meal planning

There are several meal planning approaches to achieve carbohydrate consistency, including [8]
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1. carbohydrate counting

2. the exchange system

3. sample meal plans

2.3. Carbohydrate counting

The methods for counting carbohydrate are as follows:

1. Reading food labels: looking at the grams of carbohydrates on the label.

2. Using the exchange system: estimation of carbohydrate content can be broken down into
three food groups that are standardized for carbohydrate content according to particular
portions, which are carbohydrate, meat and meat substitutes, and fat. Table1 shows
calories and macronutrient content of exchange lists. The exchange lists also identify foods
that are good sources of fiber and foods that have high sodium content [9].

Group Carbohydrate (g) Protein (g) Fat (g) Calories (Cals)

Carbohydrate group

Starch 15 3 0–1 80
Fruit 15 0 0 60
Milk 15 8 Varies 90–150
Other carbohydrates 15 Varies Varies Varies
Nonstarchy vegetables 5 2 0 25

Meat and meat substitutes

Very lean 0 7 0–1 35
Lean 0 7 3 55
Medium fat 0 7 5 75
High fat 0 7 8 100

Fat group 0 0 5 45

Table 1. Calories and macronutrient content of exchange lists

3. Use sample meal plans: These are defined meal menus that specify the time and amounts
of food to be eaten at each meal and snack. Dietitians typically tailor the menus to
incorporate food preferences and medical nutrition therapy (MNT) goals. Sample menus
are created after review of a person's typical food intake; they are best suited for patients
who have fairly routine eating habits and who do not eat a wide variety of foods. They
also are appropriate for patients who need structured guidance on what to eat [10].

3. Insulin adjustments with food intake

3.1. Advanced carbohydrate counting

At a more advanced level, carbohydrate counting focuses on adjustment of food, insulin, and
activity based on patterns from detailed logs. The patient needs to record the time of meals
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and snacks, the amount and type of food eaten, the amount of carbohydrate consumed, insulin
dose, physical activity, and blood glucose results. Patients should first practice eating consis‐
tent amounts of carbohydrate at meals and snacks so that baseline insulin requirements can
be matched to usual carbohydrate intake using pre- and postprandial blood glucose testing
results. When pre- and postprandial blood glucose levels are in the target range, then insulin-
to-carbohydrate ratios can be determined as follows [11]:

Insulin-to-carbohydrate ratios

• Divide the number of grams of carbohydrate eaten at the meal by the number of units of
premeal insulin (e.g., 45 g carbohydrate divided by 3 units of insulin is a 1:15 ratio). Insulin-
to-carbohydrate ratios can vary with time of day and are affected by stress, illness, and
variations in physical activity.

• Insulin-to-carbohydrate ratios can also be calculated using the 450–500 rule:

450–500 rule—calculate the insulin-to-carbohydrate ratio as follows:

Regular insulin-to-carbohydrate ratio = 450 divided by total daily dose (TDD) of insulin.

Rapid acting insulin-to-carbohydrate ratio = 500 divided by TDD of insulin.

• Treatment of hypoglycemia: if the patient is hypoglycemic (blood glucose <70 mg/dL), 10–
30 g of fast-acting carbohydrate should be taken. Retesting and retreating is mandatory,
without overtreatment, till blood glucose rises >70 mg/dL, then the patient resumes the
appropriately calculated insulin doses and carbohydrate requirements [12].

3.2. Weight management in T1DM

The relative importance of caloric intake for an individual patient is dependent on several
factors, including the following:

• Current weight in relationship to desirable and healthy body weight (BW)

• Fat distribution and waist circumference

• Glycated hemoglobin (A1C)

Lowering caloric intake and inducing weight loss are of major importance for overweight
(body mass index [BMI] ≥25–29.9 kg/m2) and obese (BMI ≥30 kg/m2) patients with diabetes
because the risk of comorbidities associated with excess adipose tissue increases with BMI in
these ranges [13].

In children and adolescents, energy needs can be evaluated by tracking weight gain, BMI, and
growth patterns on pediatric growth charts from the Centers for Disease Control and Preven‐
tion (CDC) or national growth curves [14].

3.3. Weight gain with intensive insulin therapy

Weight gain is a potential adverse effect of intensive insulin therapy and occurs when insulin
dosing matches nutritional intake and glycosuria is eliminated.
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If A1C is high enough to promote glycosuria, then lowering calorie intake by an additional
250–300 calories per day is necessary to prevent weight gain with intensification of diabetes
therapy. Other strategies to minimize weight gain with intensive therapy are to reduce insulin
doses preferentially for patterns of hypoglycemia rather than increasing meal size or adding
an undesired snack. To reduce calories further, it is helpful to reduce fat intake and try to keep
carbohydrate intake consistent to minimize risk of hypoglycemia [15].

3.4. Total energy expenditure

Easiest way to calculate: 20–35 Cal/kg current weight/day

If the patient's current weight is more than 30% of his ideal BW, it is better to use adjusted BW
(ABW)

• ABW = (current BW – ideal BW) × 0.25 + ideal BW

4. Estimating caloric needs to promote weight loss

If 500–1000 calories are subtracted from weight maintenance calories every day, this would
lead to loss of 1–2 pounds per week. Low-calorie diets (less than 1200 kcal/day) should be
avoided to be sure that nutritional needs are met [16]

4.1. Nutritional content in T1DM

• The optimal macronutrient composition of the diet for patients with diabetes is controver‐
sial.

• The mix of dietary carbohydrate, protein, and fat may be adjusted to meet the metabol‐
ic goals and individual preferences of the person with T1DM, but in general, daily energy
intake  should  be  targeted  to  include  50–55%  carbohydrate,  10–15%  protein,  and  30–
35% fat [3].

• Low-fat, low-carbohydrate, Mediterranean, and vegetarian diet are all acceptable.

• Individualized meal planning should include optimization of food choices to meet the
recommended  daily  allowance  (RDA)/dietary  reference  intake  (DRI)  for  all  micronu‐
trients [3]

4.2. Carbohydrates (CHO)

• The RDA/DRI is 60 g for infants 0–6 months, 95 g for infants 7–12 months, and 130 g for
children and adolescents. Diets containing less than 130 g of CHO for children older than 1
year may not provide adequate glucose as fuel for the central nervous system without
relying on gluconeogenesis from ingested protein and fat. Low-carbohydrate diets also
restrict intake of essential nutrients, energy, and fiber from carbohydrates found in whole
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grains, fruits, vegetables, dried peas and beans, legumes, nuts and seeds, and low-fat milk
and yogurt.

• Monitoring carbohydrate, whether by carbohydrate counting, a choice, or experience-based
estimation, remains a key strategy in achieving glycemic control. Monitoring carbohydrate
intake is important as it directly determines postprandial blood sugar, and consequent
insulin adjustment can improve glycemic control [16].

• For individuals with diabetes, the use of glycemic index and glycemic load may provide a
modest additional benefit for glycemic control over that observed when total carbohydrate
is considered alone. Meals with low glycemic index and glycemic load leads to better
glycemic control.

• Carbohydrates from fruits, vegetables, whole grains, legumes, and low-fat milk are
preferable.

• Nonnutritive sweeteners are safe when consumed within daily levels established by the US
Food and Drug Administration (FDA). Consumption of nonnutritive sweeteners does not
increase blood glucose concentrations or affect insulin response in adults, although no
similar data are available in children. When calculating carbohydrate content of foods, one-
half of the sugar alcohol content should be counted in the total carbohydrate content of the
food. Careful reading of food labels is always recommended for foods containing nonnu‐
tritive sweeteners as they still contain carbohydrates [17].

4.3. Sucrose

• Intake of sucrose does not need to be restricted, although care should be taken to avoid
excess calories; sucrose can be substituted for other carbohydrate sources in the meal plan
or, if added, covered with insulin. Sucrose-containing foods typically provide additional
calories from fats and are frequently devoid of essential nutrients. Nutrition therapy
strategies should focus on consuming these foods in moderation in the context of a healthy
well balanced diet. Use of added fructose as a sweetener is not recommended, as it may
adversely affect lipids, but there is no need to avoid fructose occurring naturally in fruits
and vegetables [18].

4.4. Fats

• Because of the increased risk of cardiovascular disease in people with T1 DM, nutrition
therapy also emphasizes a diet low in saturated fat, as outlined by the National Cholesterol
Education Program and the American Heart association, for all children and adolescents.
Saturated fat intake should be less than 7% of total calories. Saturated fats (eg, in fatty and
processed meats, butter, lard, hydrogenated fats, coconut and palm oils, cheese, ice cream,
and other high-fat dairy products) can be replaced with monounsaturated (about 20%) and
polyunsaturated fatty acids (eg, in fish, olive oil, nuts) (about 10%) due to their relatively
cardioprotective profile. Sources include olive, canola and peanut oils; olives; nuts; seeds;
and avocados.
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• Reducing intakes of trans-fatty acids lowers low-density lipoprotein and increases high-
density lipoprotein; therefore, intake of trans-fatty acids should be minimized. Added trans-
fatty acids are found in margarine and processed and commercially prepared foods. Total
cholesterol should be less than 200 mg daily. Dietary cholesterol is only found in foods of
animal origin.

• Omega 3 fatty acids, specifically eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA), have emerged as important dietary adjuncts for individuals at risk of cardiovascular
disease and in adults who have already experienced a cardiovascular event. The American
Heart Association currently recommends marine-derived omega-3 fatty acids as a dietary
adjunct to aid in reduction of serum triglycerides, which can safely be used in children with
diabetes and hypertriglyceridemia. Eating two or more servings of fish per week is recom‐
mended to provide an excellent source of omega-3 fatty acids. Other potent sources are
salmon, tuna, herring, sardines, mackerel, flax seeds and oil, various nuts, and canola and
soybean oil [19].

4.5. Proteins

• In individuals with normal renal function, protein intake is based on the RDA for all children
and adolescents. The usual daily intake of protein should be approximately 10–25% of total
caloric intake (1.1 gm/kg/d).

• Patients should be encouraged to substitute lean meats, fish, eggs, beans, peas, soy products,
low-fat dairy products, legumes and nuts, and seeds for red meat.

• Protein intake should not be used to treat hypoglycemia or prevent hypoglycemia overnight.

• In patients with microalbuminuria, a reduction of protein to 0.8–1 g/kg/d of body weight
may slow the progression of nephropathy. Overt nephropathy necessitates reduction of
protein to 0.8 g/kg/d [20].

4.6. Fiber

• Fiber intake should be at least 14 g per 1000 calories daily, or approximately 19–38 g of fiber/
day. High-fiber diets have been demonstrated to decrease postprandial glucose concentra‐
tions among adolescents with T1DM. Dietary fiber is found in whole grains, fruits, vegeta‐
bles, dried peas, beans, legumes, nuts, and seeds. Soluble fiber sources should be
emphasized because studies in people without diabetes show that diets high in total and
soluble fiber (7–13 g) can reduce total cholesterol by 2–3% and LDL cholesterol up to 7%.
Potent sources of soluble fiber include oatmeal, oat cereal, lentils, apples, oranges, pears,
oat bran, strawberries, nuts, flaxseeds, beans, dried peas, blueberries, cucumbers, celery,
and carrots [21].

4.7. Sodium

• A reduced sodium intake of 2300 mg per day is advised, which is the same for healthy
children and adolescents. However, for individuals with hypertension, further reduction to
1500 mg/day is recommended.
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4.6. Fiber

• Fiber intake should be at least 14 g per 1000 calories daily, or approximately 19–38 g of fiber/
day. High-fiber diets have been demonstrated to decrease postprandial glucose concentra‐
tions among adolescents with T1DM. Dietary fiber is found in whole grains, fruits, vegeta‐
bles, dried peas, beans, legumes, nuts, and seeds. Soluble fiber sources should be
emphasized because studies in people without diabetes show that diets high in total and
soluble fiber (7–13 g) can reduce total cholesterol by 2–3% and LDL cholesterol up to 7%.
Potent sources of soluble fiber include oatmeal, oat cereal, lentils, apples, oranges, pears,
oat bran, strawberries, nuts, flaxseeds, beans, dried peas, blueberries, cucumbers, celery,
and carrots [21].
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• Avoidance of processed foods, restaurant and fast foods, and soda beverages and prepara‐
tions containing preservatives is advisable due to high content of sodium [19].

4.8. Micronutrients

• Routine supplementation with antioxidants, such as vitamins E and C and beta-carotene, is
not advised because of lack of evidence of efficacy and concerns related to long term safety.

• Low serum 25-hydroxyvitamin D concentrations are globally associated with children and
adolescents with T1DM. Vitamin D screening and supplementation should therefore be
considered and should be meeting the RDA of 600 IU vitamin D per day.

• Supplementation with vitamins and micronutrients in general is not necessary if a well-
balanced, healthy diet is consumed unless there are underlying deficiencies [21].

5. Glycemic index

A food’s GI is a numeric value that reflects its glycemic response in comparison to that of a
reference food, such as pure glucose. The GI of the reference food is set at 100. When glucose
is used as a reference food, foods with GI>70 are considered high-glycemic index, while Foods
with GI<55 are considered low-glycemic index. Some examples of low-glycemic index foods
include nonstarchy vegetables, nuts, legumes, and certain grains such as barley and converted
rice. High glycemic index foods include potatoes, candies, white bread, and other refined
products made from grains [22].

6. Glycemic load

Glycemic load is the product of the glycemic index value of a food and its total carbohydrate
content. The concept of the glycemic load was developed because the blood glucose response
is influenced not only by the quality of the carbohydrate consumed (i.e., the glycemic index)
but also by the quantity of carbohydrate consumed.

The glycemic index and glycemic load may have far greater health implications than glycemic
control alone. Several prospective studies have associated diets high in glycemic index and
glycemic load with an increased risk of developing type 2 diabetes, coronary heart disease,
and some cancers. Data also suggest that low-glycemic load diets are particularly effective
among the most susceptible individuals, those who are already overweight and insulin
resistant [22].

7. Eating disorders

Eating disorders are relatively common in patients with diabetes, especially in female adoles‐
cents and young adults with diabetes. Dieting or omission of insulin for weight loss and binge
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eating are the most common. Eating disorders have a deleterious impact on glycemic control
and on long-term outcome in these patients. It is important to evaluate patients with diabetes,
especially young women, for an eating disorder (or misreporting of insulin administration)
and arrange appropriate psychological and nutritional counseling and support when indicated
[23,24].

8. Promoting dietary compliance

• Gradual behavioral and dietary changes should be advised to move the patient toward a
more ideal diet and eating pattern.

• The patient's own food records and motivation to learn can be helpful in guiding decisions
for meal planning approaches

• Motivating a patient to make a long-term commitment to dietary alterations is a challenge.
Achieving and maintaining weight reduction is difficult in any obese patient. Compliance
can occasionally be enhanced by the rapid and often dramatic improvements in glycemic
control.

• Diabetes Education Workshops for small groups of patients is highly effective.

• Exercise can increase the degree of weight loss, and the likelihood that it will be maintained.

• Offering varieties of lists of meal plans is very helpful

• Adjustment of diet, exercise, and insulin doses according to the patient's changing lifestyle
patterns is mandatory to maintain glycemic control and prevent acute and chronic compli‐
cations [1,25-27].

9. Physical activity in patients with T1DM

Exercise is a significant component of diabetes management [28,29].

9.1. Benefits of exercise

• Improved glycemic control

• Weight control

• Reduction in comorbidities (hypertension, dyslipidemia, and cardiovascular disease)

• Improved mood and quality of life

Major Topics in Type 1 Diabetes130



eating are the most common. Eating disorders have a deleterious impact on glycemic control
and on long-term outcome in these patients. It is important to evaluate patients with diabetes,
especially young women, for an eating disorder (or misreporting of insulin administration)
and arrange appropriate psychological and nutritional counseling and support when indicated
[23,24].

8. Promoting dietary compliance

• Gradual behavioral and dietary changes should be advised to move the patient toward a
more ideal diet and eating pattern.

• The patient's own food records and motivation to learn can be helpful in guiding decisions
for meal planning approaches

• Motivating a patient to make a long-term commitment to dietary alterations is a challenge.
Achieving and maintaining weight reduction is difficult in any obese patient. Compliance
can occasionally be enhanced by the rapid and often dramatic improvements in glycemic
control.

• Diabetes Education Workshops for small groups of patients is highly effective.

• Exercise can increase the degree of weight loss, and the likelihood that it will be maintained.

• Offering varieties of lists of meal plans is very helpful

• Adjustment of diet, exercise, and insulin doses according to the patient's changing lifestyle
patterns is mandatory to maintain glycemic control and prevent acute and chronic compli‐
cations [1,25-27].

9. Physical activity in patients with T1DM

Exercise is a significant component of diabetes management [28,29].

9.1. Benefits of exercise

• Improved glycemic control

• Weight control

• Reduction in comorbidities (hypertension, dyslipidemia, and cardiovascular disease)

• Improved mood and quality of life

Major Topics in Type 1 Diabetes130

9.2. General tips for physical activity in T1DM

• Patients with T1DM should engage in 30 min or more of moderate intensity physical activity
on most days of the week. Individuals for whom weight loss and weight maintenance are
a concern, may need 60–90 min of moderate to vigorous intensity activity 3 days a week.

• For patients who are trying to lose weight, it is preferable to adjust insulin doses rather than
increase food intake to compensate for exercise.

• Timing of exercise in relation to insulin dose, type, mode of delivery, and time of injection
should be considered.

• Patients with diabetes should check blood sugar levels before and after exercising, especially
in the beginning of an exercise program, to evaluate glycemic response to exercise and adjust
insulin regimen [28, 29].

9.3. Diabetes and sports

Athletes need additional blood glucose testing prior to exercise, during exercise (especially
exercise lasting greater than 60 min), immediately after exercise, several hours after exercise,
and at any time significant changes in intensity, type, or duration of exercise are made. If blood
glucose is less than 100 mg/dL, CHO intake of 15–40 mg is important before exercise. If blood
glucose is high, urine ketones should be tested and exercise prevented until ketones disappear
by insulin and medication adjustments. In absence of ketones, exercise with caution can be
allowed [28, 29].

9.4. General nutritional tips for performance of sports in T1DM

• Preactivity meals (1–2 h before exercise) should be relatively high in carbohydrate, moderate
to high in protein and low in fat.

• Protein of high biological value (1 gram of protein per pound of body weight) should be
used.

• Protein shake can be used before workout (a shake containing at least 6 g of amino acids—
the muscle-building blocks of protein—and 35 g of carbohydrates 30–60 min before
exercising increases protein synthesis more than drinking the same shake after training.

• Good-quality whey-protein powders usually contain at least 30 g of protein per serving, as
well as a healthy supply of vitamins and minerals.

• Weight-gain powders can also provide a lot of high-quality protein and nutrients in each
serving, but they also tend to be extremely high in calories, carbohydrates, and sugar.

• Vigorous exercise involving a muscle group shortly after having injected insulin near to that
area could cause the insulin to be absorbed more rapidly than usual, increasing the chances
of hypoglycemia.

• Competitive/power exercise can lead to hyperglycemia.
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• Individual reactions may vary, and so it is best to verify this by checking blood glucose
levels before the burst of activity and about 30 min after, to see how the body responds.

• Warming up is necessary to reduce injury

9.5. During exercise

• During exercise lasting more than 30 min, 15–30 gm CHO should be consumed every 30–
60 min.

• Sport drinks, dilute juices, sport bars, and/or high fiber cookies should be carried in a food
bag to be consumed during exercise.

• Keeping hydrated by drinking around 150 ml of fluid every 15 min is advised.

• CHO foods should be available during and after exercise.

9.6. After exercise

• After a period of strenuous activity or a long period of exercise, blood sugar levels can drop
for up to 48 h. Management includes reducing insulin requirements or dosage of antidiabetic
drugs over this period, or take more carbohydrate.

• A high-quality protein meal should be consumed after training.

• Omega-3 fatty acids are beneficial.

• Rest: a full-body workout should be followed by a day of rest or alternatively, at least 3 days
of rest each week is advised [28, 29].

10. Summary and conclusion

Achieving metabolic control in patients with T1DM cannot be reached except with proper
medical nutrition therapy. Nutrition advice should be customized according to age, medical
condition, lifestyle, and personal factors. The nutritional goals for people with type 1 diabetes
are to maintain blood glucose (BG) concentrations in a physiologically normal range as
possible, by coordinating diet and physical activity patterns and insulin therapy, minimizing
episodes of hypoglycemia, maintaining optimal blood pressure and lipid levels, and managing
weight appropriately, and by providing adequate calories, thus also ensuring normal growth
and development for children and adolescents with T1DM both physically and emotionally.
Although a focus on careful carbohydrate counting is integral to insulin delivery and glycemic
control for patients with T1DM, many of the other fundamental principles of nutrition
management are important to be considered. The patient should be advised for adhering to
the negotiated meal plan, adjusting food and/or insulin in response to hyperglycemia, as well
as adjusting insulin dose for meal size and content and appropriately treating hypoglycemia.
Proper estimation of energy requirements, macronutrients, and micronutrients needs as well
as adjustment of MNT during exercise and sports are all of high importance. A team approach,
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capitalizing on the expertise of pediatric and adult dietitians, psychologists, nurses, and
physicians, can best assist patients and their families overcome challenges in their care and
reach their therapeutic goals.
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Abstract

The incidence of type 1 diabetes mellitus (T1DM) in childhood and adolescents is
increasing worldwide and diagnosis of type 1 diabetes represents an important
stressful condition for families and adolescents. The maintenance of normal glycemic
results requires adherence to self-care behaviors in order to prevent disease compli‐
cations. However, diabetes self-care requires extensive and daily behavioral demands
from adolescents that may interfere with their quality of life.

Parents have an important influence on T1DM’ management, in adolescents. Family
functioning is an important determinant of metabolic control and adolescents’ quality
of life. During adolescence, parents must transfer the responsibility for diabetes care
to the adolescent and supervise diabetes management. Parental style and family
conflict are related to glycemic control and quality of life in adolescents.

The main goal of this chapter was to analyze the relationship between metabolic
control, quality of life and family functioning in T1DM adolescents.

Keywords: Metabolic Control, Quality of Life, Family Functioning, Type 1 Diabetes,
Adolescents

1. Introduction

T1DM is one of the most common chronic illnesses in children and adolescents [1, 2]. This
chronic disease and its serious complications forces both adolescents and families into an
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abrupt lifestyle change and psychosocial adjustment [3]. An intensive daily glycemic control
and treatment regimen have been associated with a better control of the disease, reduced
complications and improved quality of life [3, 4]. T1DM self-management activities include
metabolic control monitoring at least four times a day, frequent insulin injections (at least four
times a day), adjustment of insulin doses to match carbohydrate intake and engagement in
physical activities [1, 5]. Management of T1DM requires changes in the lifestyle of both the
adolescent and his/her family, which can contribute to distress and diminished quality of life
of both adolescents with diabetes and parents [6].

T1DM occurs when pancreatic β cells cannot produce insulin due to an autoimmune process
which destroys these cells. The conversion of food into energy is abruptly interrupted,
requiring an insulin therapeutic regimen to meet a person’s need for insulin [3, 7].

In adolescence, individuals are confronted with biological, physical and psychosocial changes
which indirectly affect their levels of glycosylated hemoglobin which tend to be high due to
both the hormonal components of puberty and the transfer of responsibility for diabetes
management from parents to adolescents [7, 8]. Adolescents with T1DM have been found to
have worse metabolic control than individuals of other age groups which is associated with
an increased risk of developing diabetes complications [9]. Adolescents play an ever-increasing
role in diabetes management, according to their developmental acquisitions [5, 10]. However,
adolescents’ risk behaviors, such as those related with their sexual development, use of illicit
drugs, smoking and alcohol, and the vulnerability to the development of mental health
problems also compromise their metabolic and psychological outcomes [3, 5]. In the transition
to adolescence, young people with T1DM tend to have poor self-management, which deteri‐
orates metabolic control, increases psychosocial distress and negatively influences their quality
of life [11]. The stress caused by the feeling of being different from their peers, as a result, of
self-management activities which disrupt their daily activities, and the sense of guilt, over
exhibiting poor metabolic results, may negatively impact adolescents’ quality of life [12, 13].

The presence of a chronic illness during adolescence not only affects the adolescent, but also
interferes with family functioning. Nevertheless, family also influences illness outcomes due
to their communication patterns, interaction styles and problem-solving skills [14].

While building upon the model of childhood adaptation to T1DM [15], the aim of this study
is to describe the relationship between family functioning, metabolic control and quality of
life, in T1DM adolescents.

2. Adolescents with T1DM:: The process of adaptation

In adolescence, the experience of new cognitive and psychosocial competences and independ‐
ence desires, by the adolescents, interferes with the relationship with their parents. This may
influence adolescents' performance regarding diabetes management and, consequently,
adolescents’ process of adaptation to the illness itself [16].
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As Butner and colleagues [16] point out in their study on the parent-adolescent’s discrepancies
with respect to diabetes management, adolescents tend to perceive themselves as more
competent and independent than parents. This situation has an impact on the daily family
diabetes activities and on the well-being of both parents and adolescents leading often to
conflicts, conflicts, poorer metabolic control, well-being and, consequently, poorer illness
adjustment.

The adaptation process to T1DM is complex for both adolescents and their families, and
requires time and effort with regard to the daily treatment regimen [17]. The internal and
external factors that influence the physiological and psychological adaptation process of T1DM
adolescents have been largely recognized in literature and have been identified in theoretical
childhood adaptation models ino T1DM [6].

The Childhood Adaptation Model to Chronic Illness: Diabetes Mellitus [15] identifies factors that
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factors, in the adjustment process of adolescents with T1DM [15]. According to the Childhood
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7.5% to 9%) [21] which tend to increase the adolescent and the family stress levels, because
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episodes and long-term complications [22].
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last 2–3 months of blood glucose and is internationally recognized as the standard measure of
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longer diabetes duration and pubertal development are linked to poor metabolic control in
adolescents with diabetes [7]. During puberty, the decrease in insulin sensibility caused by
growth hormone results in poor metabolic control among of T1DM [11]. Also, problem-solving
skills of immature adolescents, and rebellion against parents’ participation in diabetes
management are linked to poor metabolic control [23].

However, metabolic control tends to deteriorate during puberty due to the independence and
autonomy from parent’s orientation in diabetes self-management and behavior changes
during adolescence [7]. If parents continue to encourage their children to participate in their
diabetes care during adolescence and participate in their children’s diabetes treatments,
adolescents will have better glycemic and psychosocial results [22]. Also, the level and type of
parent involvement in adolescents’ diabetes management must change according to the
adolescent developmental stage to avoid family conflicts and consequently a negative impact
on adolescents’ metabolic control and quality of life [24, 25].

Regarding the role of metabolic control in the adaptation process of adolescents with diabetes
and, according to the study of Malik and Koot [10], metabolic control was a predictor of the
adjustment of adolescents to T1DM; however, the small explained variance in adolescent
adjustment was interpreted as metabolic control having little influence on adolescent’s
adjustment to diabetes.

The association between metabolic control and quality of life in T1DM adolescents is contro‐
versial [26]. While some studies have found a link between higher metabolic control and lower
well-being [27, 28], others did not find any relationship between metabolic control and quality
of life, in T1DM adolescents [9, 29]. Literature has suggested that metabolic control was
improved in adolescents who reported good quality of life, and who were supported by a
stable and cohesive family with a clear defined sharing responsibility, in diabetes management
[21].

4. Adolescents’ quality of life and T1DM

Quality of life is recognized as one important psychosocial outcome in adolescents with
diabetes [17]. The individual subjective experience of the impact caused by the illness and its
treatment, on the physical, psychosocial and cultural domains of one´s individual performance
defines health-related quality of life [30]. The frequent measure of quality of life in T1DM
adolescents is useful to understand how they cope with diabetes tasks and how they include
care in their daily activities [30]. Moreover, in the monitoring of quality of life of adolescents,
it is important to consider how the type of diabetes treatment, the diabetes symptoms, the
social and emotional development of adolescents, and the adolescents’ academic performance
influences their quality of life [31].

T1DM adolescents tend to report good quality of life despite the complex process of disease
management [29]. Quality of life in T1DM adolescents is also similar to the quality of life levels
of healthy adolescents, in spite of their parents´ perceptions [9, 31]. However, the diabetes
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burden on routine activities and their impact on relationship with friends, interfere with
emotional and social well-being of adolescents with diabetes, which may negatively affect the
adolescent’s quality of life [9, 13]. In their longitudinal study with Chinese adolescents with
T1DM, Guo and colleagues [32] found a positive association between self-management care
and satisfaction with quality of life. This fact may be explained by family support and self-
efficacy influence in the relationship between self-care management and satisfaction with
quality of life [17]. Kalyva, Malakonaki, Eiser and Mamoulakis [13] concluded that quality of
life was better, in male adolescents with better glycemic control, shorter duration of diabetes
and younger age at diabetes onset. In the same study, it was found that older adolescents
reported better quality of life when compared with younger adolescents, and this result may
be explained by the fact that older adolescents have more autonomy, in their diabetes man‐
agement. Guo et al. [17] also found that diabetes duration had an impact on adolescents’ quality
of life, with less duration of diabetes predicting better quality of life. These findingss may be
explained by the dominant influence of parents on the adolescents’ diabetes management [17].

The literature has suggested that metabolic control is a significant predictor of the adolescent
quality of life [10], is associated with adolescent’s adjustment to T1DM, and that quality of life
of adolescents with diabetes is related to family support [33].

Literature has suggested that higher quality of life was related to better metabolic control in
adolescents [21]. However, in adolescents with diabetes, quality of life may not be related to
metabolic control, if soon after the onset of diabetes, adolescents and their families were
integrated in intervention programs to develop and increase their ability to diabetes manage‐
ment [31].

In order to analyze the better quality of life successful prevention interventions in T1DM
adolescents, Fogel and Weiss-Benchell [30] observed that some interventions, such as educa‐
tion sessions or motivational interviewing, improved quality of life in adolescents with
diabetes, but without the concomitant results in their levels of glycemic control, which may
explain the special relationship between quality of life and metabolic control, in T1DM
adolescents.

5. Family functioning: The relationship with metabolic control and quality
of life

In the complex process of diabetes self-management, adolescents and their families share the
responsibility and decision-making process in the illness-related activities to achieve the goals
of diabetes control and well-being [7]. Family functioning represents an important factor in
the diabetes management treatment in T1DM adolescents and affecting metabolic control and
quality of life outcomes [27, 34]. The study of Skinner, John and Hampson [35], that studied
the relationship between family factors and metabolic control, including family functioning,
concluded that family factors were predictors of metabolic control, accounting for 34% of the
variance in metabolic control.
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Table 1 shows some of the most important parental strategies to improve better metabolic
control and quality of life in T1DM adolescents.

Parental Strategies to Improve Metabolic Control and Quality of Life in Adolescents with T1DM

• Negotiation of parental supervision regarding adolescents’ diabetes management (food intake, glycemic control,
adjustment of insulin doses and exercise);
• Parental supervision of adolescent diabetes care, according to the developmental adolescence stage;
• Gradually transfer diabetes care responsibility to adolescents when they demonstrated the adequate skills to deal
with diabetes care tasks;
• Support emotionally the adolescents when they felt unable to achieve and maintain normal glycemic levels;
• Clear definition of the shared responsibility between parents and adolescents about diabetes management, to
avoid parental overinvolvement;
• Development of a collaborative family organization characterized by guidance and supervision from parents;
• Clear and warm communication patterns between parents and adolescents related to adolescent diabetes care;
• Development of skills to deal with the stress caused by diabetes care;
• Development of stable, supportive and cohesive family interaction with adolescents;
• Emotional support and positive reinforcement of successful adolescents’ diabetes management;
• Avoid negative parenting behaviors such as hostility and conflicts about adolescents’ diabetes management.

Table 1. Parents strategies to promote better metabolic control and quality of life in adolescents with type 1 diabetes

Literature has suggested that family functioning was strongly associated with better metabolic
control, psychosocial functioning and psychological adjustment in T1DM children and
adolescents with type 1 diabetes [36]. Parents of children with diabetes, particularly mothers,
tend to experience greater levels of psychosocial distress and adjustment problems due to the
responsibility required by diabetes management on daily family activities [1]. Studies have
demonstrated that higher family anxiety and less positive parenting strategies are linked to
negative family perception about adolescent’s self-management, which may exacerbate
adolescents’ neglected self-care and compromise their glycemic results [3]. Psychological
adjustment problems in mothers of children with diabetes have been related to poorer
psychological adjustment and higher levels of distress in T1DM children [37]. Other studies
have found that negative family functioning increased conflicts between parents and children
affecting negatively the child metabolic control, especially in older children [35]. Children’s
developmental process with the acquisition of more competences and independence, regard‐
ing diabetes care, may be related with the maturation process of puberty [16, 35]. Pertaining
to what may originate family conflict between T1DM adolescents and their parents, Fogel and
Weissberg-Benchell [30] mentioned conflicts caused by what adolescents think they hear from
their parents (nagging and criticism) when parents try to express worry and concern with the
adolescent’s disease.

Family factors were related to adolescents’ metabolic control [7, 35] and quality of life [9].
Whilst, in one research about family influence on adolescents’ diabetes outcome, higher
conflict between parents and adolescents were associated with poor metabolic control [34,
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35], in another study, better family structure and positive parental emotional support were
related to better metabolic control in T1DM adolescents [36, 38].

Although during adolescence, parents must transfer the responsibility for diabetes manage‐
ment into the adolescents, the literature has shown how parental monitoring and family
support influence health outcomes in T1DM adolescents, in spite of their desire for independ‐
ence and autonomy [34]. Literature has suggested that older adolescents have more risk to
neglect diabetes self-management than younger adolescents, which makes parental involve‐
ment more crucial during adolescence [39].

However, the quality of parental support and monitoring is crucial, because when adolescents
perceive that parents are overinvolved in their diabetes care and consider parents’ guidance
and control being too much, metabolic control tends to be negatively influenced [34, 40]. Also,
Skinner, John and Hampson [35] observed that adolescents who perceived the relationship
with parents more critical, unsupportive and negative regarding their diabetes management,
showed worse metabolic control. Therefore, research advocates a collaborative family style,
characterized by an appropriated guidance and control from parents, to improve metabolic
control and quality of life in T1DM adolescents, and consequently a better diabetes adaptation
[22, 35, 41]. When Faulkner and Chang [18] interviewed adolescents and their parents about
what promoted better adolescents’ performance, in their diabetes management, the results
showed that a directive guidance (be an aid to perform) and tangible (physical) assistance were
considered as being useful in improving metabolic results, in adolescents. Also family
environment, characterized by warm, caring, and cohesive interactions between adolescents
and parents, was related to better self-management, glycemic control and quality of life in
young T1DM adolescents [18, 33]. In their study about observed parenting in T1DM adoles‐
cents and their mothers, Jaser and Grey [36] concluded that sensitive parenting behaviors and
child-centered and positive reinforcement were related to better illness adaptation and better
metabolic control, while maternal hostility, considered as negative parenting behaviors, was
associated with worse metabolic control in adolescents. Also Monaghan and colleagues [42],
in their study about the relationship between parents’ stress, parenting style and self-care in
T1DM pre-adolescents, concluded that greater parental warmth and flexibility were related to
less parenting stress related to diabetes care, which contributed to the decrease of family
conflict and, consequently, was related to the increase of pre-adolescents’ adherence. However,
these authors [42] did not find any association between authoritative parenting and improved
metabolic control as observed among this parenting style and adherence. One reason for this
fact may be due to glycated hemoglobin being on average under 8.0%, i.e., pre-adolescents
who participated in this study showed a metabolic control recommended by ADA [20], for
this age group, that delay medical complications.

Additionally uninvolved family style was related to poor self-management and poor quality
of life [43]. When neither the parent or the adolescents assume the responsibility for diabetes
care, or adolescents have excessive autonomy in diabetes management, adolescents presented
worse metabolic control [18, 35]. For that reason, even during adolescence, the family must
continue involved in diabetes management tasks, and the responsibility for diabetes care
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should be gradually transferred to adolescent only when they demonstrate the maturity and
the adequate capacities to lead with the diabetes management tasks [22].

Emotional support of parents and parental responsiveness were related with a better quality
of life in adolescents with diabetes [3]. Also Jaser and Grey [36] emphasized the family
influence on adolescents’ quality of life, concluding that warmth and family caring behaviors
were related to better quality of life in adolescents. That same study showed that observed
intrusive parenting behaviors, like parental influence, were related to adolescents’ quality of
life and depressive symptoms. Furthermore, Pereira, Berg-Cross, Almeida and Machado [33]
found that family conflicts were a predictor of less quality of life in adolescents with diabetes.
Family conflict among T1DM adolescents and their parents were related to lower quality of
life in adolescents [9] and were also associated with several psychological and behavioral
outcomes in young adolescents with T1DM [34].

6. Conclusion

During adolescence, the balance between developmental struggles, challenges and family
interactions represent a delicate and crucial component of a successful process of adaptation
to diabetes that include an optimal metabolic control and a good quality of life, in T1DM
adolescent.

Communication between parents and adolescents seems to have an important influence either
on adolescent’s adjustment to diabetes or in glycemic results or quality of life. Thus, interven‐
tions which allow the development of communication skills related to diabetes management
in T1DM adolescents and their parents may decrease family conflicts and improve adolescent’s
metabolic control.

Interventions to develop self-management and decision-making in T1DM adolescents and
their families also appear to be useful to improve adolescents’ metabolic control and quality
of life. It is important in order to improve adolescent outcomes, that adolescents develop their
diabetes self-management skills and learn how to share diabetes responsibility with parents,
without engaging in family conflicts.

Parents of T1DM adolescents must develop a collaborative parenting style with adolescents
in their diabetes management and appropriated levels of guidance and control to improve
adolescents’ metabolic control and quality of life and, simultaneously, minimize family
conflicts over diabetes management.
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Abstract

This chapter provides critical information on diabetes in children. Ideas for improving
adherence to the child’s medical regimen are reviewed. In addition, factors that may hin‐
der adherence are presented. Ideas for clinicians are presented in a case study.

Keywords: Children, diabetes, adherence

1. Introduction

Within the last two decades, diabetes mellitus (DM) has been reported with increased
frequency among children and adolescents in the United States and has become one of the
more common chronic illnesses among this population (Centers for Disease Control and
Prevention (CDC) [1]). According to the CDC’s SEARCH for Diabetes among Youth Study,
over 200, 000 people younger than 20 years have DM, with type 1 diabetes (T1DM) being more
prevalent (1.93 for every 1, 000 young people), except among American Indian youth where
it is less prevalent than type 2 diabetes (T2DM) [1, 2]. The prevalence rate of T2DM in the
general population of youth is much less (0.24 per 1, 000 young people [1, 2]. With regard to
incidence, an estimated 28.1 cases of DM occur per 100, 000 youth per year—18, 436 youth
(about 19.7 per 100, 000) are diagnosed with T1DM, and 5, 089 (about 8.5 per 100, 000) are
diagnosed with T2DM [1]. Within the past 20 years, the incidence of T2DM has increased,
which may be attributable to the concurrent epidemic of overweight and obesity [3]. T1DM is
most common among white youth followed by Hispanic and African American youth. T2DM
more commonly occurs among American Indian and African American youth and is least
common among Asian/Pacific Islander and non-Hispanic white youth. Asian/Pacific Islander
youth have, on average, the least incidence and prevalence of both types of diabetes [1, 2].
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The health issues faced by adolescent diabetics are similar to those experienced by adults,
especially as they mature into adulthood (National Diabetes Education Program, NDEP) [4].
These issues include maintaining optimal blood glucose (glycemic) control, weight manage‐
ment, healthy nutrition, proper physical exercise, and prevention of long-term complications
such as diabetic eye disease, diabetic renal disease, diabetic vascular disease, and diabetic
nerve disease. Poor glycemic control manifests acutely as hypoglycemia and diabetic ketoa‐
cidosis, and chronically as health complications such as retinopathy and nerve damage [3, 4].
Both acute manifestations of poor glycemic control are potentially fatal and more so in youth
who may not be fully cognizant of the symptoms, especially while at play. It is therefore
important for diabetic youth and those who care for them to be properly educated about the
symptoms, signs, and management of these conditions, and to be trained on maintaining
optimal blood glucose control, which also helps to delay the onset of complications [3, 4].

Overweight and obesity have become increasingly important health issues in young diabetics.
This is due to the rapid rise in cases of T2DM among this population within the last 20 years.
T2DM in youth has been found to be associated with overweight and obesity, and therefore
weight control has become an important component in the management of the disease [3, 5].
Nutrition is also a major issue in diabetic youth because healthful nutrition helps with blood
glucose control, weight management, and maintenance of an optimum nutritional status
necessary to maintain good health, boost immunity, and help prevent complications [4, 6].
Physical exercise is another important health issue. Diabetics tend to avoid physical exercise
due to fear of hypoglycemia and other short-term effects of physical stress [4]. However, while
blood glucose control is a concern during exercise, physical exercise has been shown to
improve the health and quality of life of diabetics especially since it helps with weight and
blood glucose control, improves blood circulation, and increases insulin sensitivity, thus
reducing the complications associated with the disease [3, 4, 7]. It is important to encourage
exercise in diabetic youth, create exercise regimens that meet their needs, and ensure proper
supervision by experienced fitness instructors trained in diabetic exercise management and
blood glucose control [4].

2. Problem

In the remainder of this chapter, we address adherence for children and adolescents with
diabetes. The majority of our information will address issues for youth with T1DM, although
more research on adherence for youth with T2DM is needed.

3. Defining adherence

Adherence is a focal point of this chapter, and in subsequent sections of this chapter, we discuss
other factors related to adherence, successful interventions, and ideas for improving child
adherence. The World Health Organization (WHO) has developed an inclusive definition of
adherence, which we believe encompasses health care needs of youth with diabetes as well as
other types of chronic illnesses [8]. The WHO, in a report on long-term therapies for those with
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chronic illnesses edited by Sabate, described adherence (and we paraphrase their ideas) as
behaviors indicating an individual was following medical and lifestyle recommendations
related to a chronic illness [8]. Adherence is thus important to maintaining health and a good
quality of life when a child or individual is facing a chronic condition. In the following section
of this chapter, we discuss key items for adherence for children with diabetes, focusing chiefly
on the importance of diet and exercise as long-term contributors to a healthy lifestyle.

In a recent study examining adherence to clinical practice guidelines, Amed et al. [9] reported
that only about 7–8% of youth with T1DM were meeting national and international adherence
practice guidelines. Moreover, they also indicated that children and adolescents who had been
struggling with their diabetes for a longer period of time (i.e., had a longer time since diagnosis
[4+ years]) were apt to have poor adherence and caretaking of their diabetes. Adherence is also
a problem for youth with T2DM, and more youth are coping with T2DM and facing the same
types of negative health outcomes as faced by children and adolescents with T1DM and as
adults with T2DM [10]. Obese youth may be at a very high risk for T2DM, and increasing intake
of fruits and vegetables and decreasing intake of foods high in fat and sugar may reduce health
risks for these youth.

4. Factors related to adherence and health

4.1. Health risks

Youth with either T1DM or T2DM (usually older children) may face significant health risks.
Microvascular risks, which can be lessened when glycemic control remains good, include
nephropathy, retinopathy, and neuropathy. Similar to adults, children may face macrovascu‐
lar risks (e.g., cardiovascular problems) as a long-term complication related to their diabetes
[11]. Macrovascular risks also may be attenuated with good glycemic control, making adher‐
ence a key health topic for children and adolescents as the patterns and behaviors they establish
as youth will impact their health quality in later years. Youth with T2DM may also face
significant health challenges related to obesity, making cardiovascular health particularly
important. One study assessing outcomes for youth with T2DM may provide a wealth of
information for those interested in learning about health outcomes for youth with T2DM. This
study is entitled the Treatment Options for Type 2 Diabetes in Adolescents and Youth
(TODAY) study, and this is a well-designed multisite study funded by the National Institute
of Diabetes and Digestive Kidney Diseases [10].

4.2. Isolation

Social isolation can be a negative experience for individuals with diabetes. Marrero et al. [12]
proposed that peer support can reduce isolation and provide support for the diabetes patient
in reaching his or her goals. Support from health professionals and clinicians also can be critical
to reducing isolation. Support can also be provided “online.” For example, Nicholas et al. [13]
reported that adolescents with diabetes who received online support were less likely to feel
isolated because they had diabetes. Adolescents in the online program showed enhanced
knowledge about their diabetes. Results from qualitative interviews indicated that adolescents
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reported reduced feelings of isolation, and they felt less “different” after participating in online
support and education groups. Some adolescents in an 8-week online educational and support
group reported improved quality of support from others outside their family; however, these
results were not robust, and further research on the “support” gained from online groups is
needed.

4.3. Problems with emotional functioning

Older children and adolescents experiencing stress may have poorer immune system func‐
tioning and have poorer glycemic control [14]. Thus, the experience of stress may exacerbate
problems with diabetes management, making adherence an important tool in combating the
stress-poor glycemic control link. In addition, females and youth in ethnic minority groups
may report higher levels of stress, indicating a greater need for support in helping them
maintain optimal glucose levels. Delamater et al. reported that youth (participants in their
study were aged 9–20 years) were clearly stressed over their diet. Health professionals need
to assess adolescent stress levels and converse with adolescents to determine when referral for
counseling to problem-solve coping with stressors and develop plans for improving adherence
is needed. Working with children and adolescents to develop a strong relationship to be able
to assess child functioning and have rapport so that the youngster remains positive about
referral for supportive counseling is important as well to ensure that referrals themselves are
considered positive by the youth. Stress also may be related to poor glycemic control for youth
with T2DM. For example, Walders-Abramson and colleagues [15] from the Treatment Options
for Type 2 Diabetes in Adolescents and Youth Study Group found that for youth with T2DM
the odds of having difficulty with adherence to their medication regimen increased if they
were experiencing difficulty with significant life stressors. They also found increased depres‐
sion among youth coping with significant stressors, and this variable may also impact
adherence for youth with T2DM [15].

Similarly, suffering from symptoms related to depression, a common problem for youth with
T1DM, may be related to poor adherence to diabetic regimens [16]. In a meta-analysis and
systematic review of the literature, Kongkaew et al. [17] found a relationship between feelings
of depression and problems with adherence in youth with diabetes. They recommended
working with adolescents to improve adherence behaviors in addition to working with
adolescents to improve their mood [17]. Working on improving mood may indirectly improve
adherence because if one feels happier, it may be easier to manage diabetes self-care. Re‐
searchers have reported that other variables, in addition to depressed mood, may interact to
influence adherence problems, including appetite disturbance, poor self-care skills, or
experiencing significant life stressors [15, 16]. Thus, additional studies assessing self-care,
stressful life events, and emotional stressors are needed to begin to understand the pathways
to poor adherence in adolescents experiencing emotional distress.

Herzer and Hood reported that adolescents with diabetes may experience relatively high levels
of anxiety [18]. These researchers found that higher state anxiety (e.g., anxiety related to daily
stressors) was related to less frequent monitoring of blood glucose levels and poorer glycemic
control. Although anxiety may be less prominent than depression and less common in younger
children, they too may experience anxiety related to their diabetes management [19]. Hence,
it remains essential for clinicians and health professionals to monitor children’s feelings of
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worry and concern over their diabetes management and health risks related to this chronic
illness. Health professionals can assist children and adolescents in identifying the aforemen‐
tioned feelings and educating children about how tension and worry can negatively impact
their motivation to follow their diabetes regimen. It is important to point out that being anxious
and not following the regimen can actually lead to more feelings of anxiety as blood glucose
levels remain too high as a consequence of poor adherence to dietary guidelines, insulin
administration, etc. Buckloh et al. [11] conducted focus groups with parents and caregivers for
youth with T1DM and found that parents also were experiencing anxiety related to adherence
issues with their child as well as evolving anxiety related to possible long-term complications
related to their child’s diabetes. Hence, focusing on anxiety in parents and children and how
to reduce anxiety related to adhering to diet, exercise, testing blood glucose levels, and insulin
administration will assist the entire family’s coping, which may have a positive impact on
glucose monitoring and glycemic control. Improving exercise and teaching parents and
children relaxation skills (e.g., breathing and positive imagery) may be helpful anxiety
management strategies.

In this section on emotional functioning, we have focused primarily on internalizing symp‐
toms, namely, depression and anxiety, in youth with T1DM. It is noteworthy that youth with
T1DM can experience a myriad of psychological problems, related to both internalizing (e.g.,
anxiety and depression) and externalizing (i.e., acting out) symptoms related to conduct
problems [19]. It will remain important to continue to examine the relations among conduct
problems and other mental health issues such as attention problems and oppositional behav‐
iors to improve our understanding of how emotional problems impact adherence. Further‐
more, there is relatively less literature on emotional problems and adherence for adolescents
with T2DM, and this will be another area for future study.

5. Application areas

Youth with T1DM work to adhere to insulin administration, typically using the diabetes pump.
They also must count their carbohydrates in order to regulate intake of carbohydrates. They
must juggle monitoring blood glucose levels and administering insulin as well as managing
their stress, diet, and exercise, which all can have a significant impact on their diabetes
management.

Youth with T2DM struggle with adherence to taking medications regularly. In a recent study,
the Today Study Group or Today Group reported that administration of two medications—
metformin and rosiglitazone—improved diabetes management, especially for girls [10]. Youth
do struggle with taking medications regularly, and like their counterparts with T1DM, those
with T2DM also must work to monitor their diet, exercise, and stress levels. Interestingly, the
lifestyle intervention employed in the study by the Today Group did not provide “value
added” to glycemic control over and above the medications. The Today Group concluded that
more fine-grained analysis of the lifestyle intervention and further study of interventions to
improve adherence among youth this T2DM will be needed [10]. In the next paragraphs of this
section on key areas for adherence, we will review research conducted with youth with T1DM
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as the majority of research is with children with T1DM. However, more research on dietary
and exercise adherence for youth with T2DM will advance knowledge about optimal care for
youth with T2DM.

After conducting a multisite study in Brazil, Davison and colleagues [20] in the Brazilian Type
1 Diabetes Study Group indicated that approximately 54% of the youth with T1DM in their
sample were adherent to their diet, which these researchers defined as following the diet about
80% of the time. There were over 3, 000 patients in the sample for this study and these youth
had participated in medical follow-up for at least 1 year. Surprisingly, only about 12% were
following a diet prescribed by the Brazilian Diabetes Society, and 48% of the patients followed
a diet of avoiding sweets and sugar. Moreover, it was unclear about whether they were
knowledgeable about the importance of counting carbohydrates to maintain good glycemic
control. Problems with glycemic control were evident in this sample. Adherence to dietary
guidelines was associated with lower rates of hyperglycemia and ketoacidosis, but adherence
to the diet was not associated with episodes of hypoglycemia [20].

Adherence to dietary guidelines for children and adolescents with type 1diabetes involves a
balance of carbohydrate and insulin levels to maintain recommended blood glucose levels. In
a review of studies examining nutrition of children with T1DM, Patton [21] discovered that
youth with diabetes may consume more fruits and vegetables than their peers. We believe that
after investigating the eating habits of clients with diabetes, health professionals should praise
the eating habits of youth with diabetes if they are making efforts to consume more fruits and
vegetables. On the other hand, Patton also mentioned that these youth may need to watch and
also reduce their fat consumption [21]. In addition to teaching youth to count carbohydrates,
paying attention to the general health level of the youth’s diet may contribute to helping them
engage in healthy habits. We recommend that children become involved in learning about
healthy eating and that health professionals and parents use rewards and encouragement to
assist children in setting and achieving dietary goals. For very young children, using games
and immediate rewards for trying new healthy foods may be a good way to involve them in
plans for healthy eating.

Patton et al. [22] found that adherence to insulin administration is one cornerstone of good
management, and in addition, eating a healthy diet and managing carbohydrate intake further
helps manage diabetes. Self-monitoring charts, to track insulin administration, may help youth
and their parents follow recommendations for regular testing of blood glucose levels. Incen‐
tives can be used to encourage youth to improve the regularity with which they test blood
glucose levels. Some youngsters may be more likely to remember to test with reminders from
an adult, and then the boy or girl can work toward more independent blood glucose moni‐
toring and more control over self-monitoring schedules.

Our team wanted to highlight the importance of increasing knowledge about the impact of
physical activity for children. Engaging in regular physical activity may be a key ingredient
for glycemic control for youth with diabetes. Quirk et al. [23] reviewed studies from 1964 to
2012 on the effectiveness of physical activity for children and adolescents with diabetes (youth
were between 8 and 17 years of age). They discovered 26 studies, and in 23 of these studies,
there was at least one positive outcome for children and adolescents who engaged in exercise.
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However, in the studies reviewed, the length of the physical activity interventions varied
between 2 and 39 weeks. The type of exercise also varied; some studies assessed engagement
in one exercise (e.g., walking, swimming), and in other studies, several types of activities were
used (e.g., cycling, games with balls, lifting weights, circuit training). Thus, there was great
variety in the studies under review. Quirk et al. did find that engaging in physical activity had
a moderate impact on glycosated hemoglobin levels, which is positive. Studies were often
atheoretical and did not address change in motivation or psychological variables [23]. Future
research on the impact of physical activity and the psychological variables associated with
engagement in regular physical activity will advance knowledge about how activity affects
children and adolescents with diabetes.

6. Research on factors related to adherence

6.1. Family relationships and communication

The support that the child receives from his or her family can positively impact diabetes
management, and this includes adherence to medical regimens. Positive support occurs when
the family allows for individuality and has open communication about medical management.
Open communication allows the child to provide input and involves respecting his or her
personality. We recommend regular family meetings to discuss how the family is coping and
to discuss diabetes management so that a pattern of open communication can develop. Rules
in the family should be consistently applied and remain flexible [24]. Within the family, the
parent–child relationship can be the key factor determining positive steps toward adhering to
the medical regimen. This relationship and the communication during mealtimes and snack
times also can influence adherence [22].

Family support for diabetes management (especially for tasks needed to manage the illness on
a daily basis) is related to improved adherence and ultimately improved metabolic control [25].
It is important for parents to remain flexible at mealtimes and in their communications with
their child and to not appear too critical in order to engage the child and promote positive
conversations about measuring carbohydrate intake and ensuring a healthy diet. Having open
communication can help the child and parent by opening opportunities to discuss the child’s
goals and areas for improving monitoring of diabetes management. Adolescent disclosure is
essential to high parental knowledge and positive adolescent adjustments to diabetes adher‐
ence. On the other hand, nondisclosure and secrecy on the part of the adolescent has been
shown to be related to greater symptoms of depression among adolescents trying to manage
their diabetes [26]. Some adolescents may be likely to keep secrets about those times they “slip”
in terms of adhering to their diabetes care; therefore, parents may want to ask adolescents
about slips and promote an atmosphere of correcting, but not admonishing slips, so that
adolescents can talk to them about snacking and appropriate corrections to insulin dosages
can be made. Disclosure on the part of adolescents may be more important for mothers
compared to fathers [26]; however, this is an area for further study.
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6.2. Youth involvement in decision making

Developing specific daily and weekly goals for diabetes management may be another protec‐
tive factor to ensure that children and adolescents remain “on track” in terms of following their
diabetes regimen. Youth should be involved in setting goals and providing input on plans to
improve their adherence. In fact, joint decision making between parents and youth with
diabetes may be one way to improve youth involvement in their diabetes care [27]. Involving
them in decisions may improve their adherence to their diet and other aspects of their medical
regimen. Miller and Jawad encouraged caregivers and other health care professionals to
inspire youth with diabetes to express their views [27]. We believe that this is important, and
we also recommend that longitudinal, qualitative research be conducted to examine what type
of shared management and decision making should occur for youth of different ages residing
in various family situations.

6.3. School and after-school activities

A literature search for this chapter revealed that there is relatively less information available
discussing children’s ideas about what children and adolescents need to facilitate their diabetes
management at school. This is unfortunate, given that children and adolescents typically view
management at school as a significant issue. Nabors et al. [28] assessed children’s perceptions
of supports needed for their diabetes management at school. Children mentioned that support
for individual care plans is needed. Some reported that they needed more snacks available or
support from a peer in walking to see the nurse. Some children also wanted to check their
blood glucose outside of the classroom in order to have some privacy [28]. The American
Diabetes Association has developed guidelines for care of children with diabetes at school [29].
We recommend that health professionals or the medical team working with school-based
management review these guidelines and then plan to meet with children, their parents or
caregivers, and the school nurse to individualize care plans for the children, which are then
shared with teachers. Very little information is available about the support that children need
for participation in after-school and extracurricular activities, and this is an area for additional
research.

6.4. Peer support

In a review of qualitative studies (from 2005 to 2011) of youth with diabetes, Ritholz et al. [30]
discussed difficulties with interpersonal relationships as being a burden to some patients with
diabetes. When reviewing studies focusing on children, they found that parents and family
were sometimes perceived as supportive but could hinder an adolescent’s or child’s ability to
socialize when not supporting their independence in attending social events. Parents also
reported concerns about their child’s growing independence in the adolescent years when he
or she would have to manage his or her diabetes more independently in social situations [30].
Parents can become anxious about their child’s ability to manage his or her diabetes regimen
in social situations involving food or those where a child would be noticed as doing something
different if he or she had to test his or her blood glucose level or administer insulin. Dr. Nabors,
an author for this chapter, has worked with children at diabetes camps for several years. In
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groups at camp, children have reported that attending camp is very beneficial for reducing
feelings of isolation and feelings of being “the only one who is different.” Involving children
and adolescents with diabetes in peer support networks, with other same-aged youth with
diabetes, may be an important way to reduce feelings of isolation for children and adolescents
with diabetes. Marrero et al. supported the notion of peer support to reduce isolation and
provide support for the diabetes patient in reaching his or her goals [12]. Support from health
professionals and clinicians also can be critical to reducing isolation and sharing ideas that will
both encourage and educate children with diabetes.

Figure 1. Supporting adherence in children with diabetes. 
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Figure 1 presents ideas for supporting a child as he or she copes with diabetes and the
challenges of adhering to his or her medical regimen. It is important to consider that these
factors interact and reciprocally influence each other. We believe that this graphic may assist
health professionals in designing support plans for youth that focus on child, family, and
environmental factors that will enhance support for following the medical regimen.

7. Adherence

7.1. Interventions to improve adherence

In a recent meta-analysis of 21 studies, Hood and colleagues [31] found a strong relationship
between adherence and metabolic control in children and adolescents with T1DM. One key
component of successful interventions is psychoeducation, aimed at educating parents of
children with diabetes [32]. When parents learn more about diabetes management, they can
better care for and teach their child about diabetes management tasks. When parents realize
the importance of following the medical regimen, they are more likely to closely monitor and
follow guidelines for diet, exercise, and glucose monitoring provided by their child’s medical
team. We believe that parent education and ongoing support from the medical team, to
maintain education with booster sessions to adapt parent training to the child’s age, self-
efficacy for diabetes management, and family routines, are important. The child’s medical team
can provide booster sessions to enhance parent knowledge and provide needed support to
parents on an as-needed basis. Online interventions to educate parents may also be effective
in educating them and linking them to support from the medical team and other parents, as
in the Dutch Sugarsquare intervention [33]. Internet education may be especially important in
rural areas or when parents lack transportation to access care in hospital settings to participate
in support groups.

Health professionals can improve adherence. Patient-centered care will be important in
developing plans that work for individual children and their family members. Kienle et al. [34,
p. 13] stated, “The cornerstone of diabetic care is comprehensive case management including
intense education to enable self-management adjusted for the child’s age and developmental
stage and with assistance from caring and knowledgeable adults.” In their manuscript, Kienle
et al. reported on a case study to improve child involvement in diabetes management for a girl
with diabetes and other special needs. A patient-centered approach with repeated educational
sessions was used to improve the girls’ involvement in her care. The aforementioned authors
wrote that reeducation was critical to helping the girl as she learned and strove to improve her
diabetes management. In the long run, the authors reported higher self-esteem and greater
involvement in social activities [34]. Although children who do not have special needs may
not need extensive reeducation, we believe that they can benefit from booster sessions or
support groups, which allow review of the importance of adherence to dietary and exercise
recommendations as well as reinforcing the importance of glucose monitoring.

We also believe that goal setting will be important for children and their parents. While setting
goals, the child and parents should be involved in goal setting. As the child ages, parents can
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become less involved in leading goal-setting efforts. However, we believe that they should
remain interested, caring, and involved on some level to support their adolescent. Evaluating
alternatives to reach a level of good diabetes management, setting a plan, and breaking steps
of the plan down into obtainable goals are part of an effective decision making process. After
executing goals, it becomes important for the child/adolescent and family to evaluate the
effectiveness of their plan, in terms of diabetes management and quality of life for the youth.
Enhanced levels of positive communication from parents and lower negative communications
from both parents and adolescents can improve communication, leading to better adherence
[35]. Similarly, problem-solving skills may be another tool to teach children with diabetes to
review situations in their lives and brainstorm about adherence issues and develop goals that
will best assist them, within the context where they are, in managing their diabetes. Teaching
children to advocate for themselves and what they need to manage their diabetes is another
tool in helping them to be able to implement goals they have for themselves [36].

Marrero et al. [12] recommend that when assisting with goal setting, it is important that the
individual feels that he or she can achieve them. They recommend key components of
motivational interviewing as being consistent with a patient-centered model to promote self-
management as the provider is developing attainable goals from the patient’s own frame of
reference and using encouragement and praise to help motivate the patient to achieve his or
her goals. We believe that this patient-centered stance, to the extent possible with a child and
parent or caregiver in a “shared” management approach, will foster self-efficacy for diabetes
management and enhanced involvement in diabetes care for children as well as adolescents.
We recommend setting goals related to carbohydrate counting and teaching children and
adolescents about counting carbohydrates. A relatively recent study has shown this is an
effective dietary technique with adults [37]. If carbohydrate counting begins in childhood,
perhaps this method can become a more routine behavior in adolescence, making it relatively
easier to allow the adolescent to have primary control in counting carbohydrates and dietary
management.

After receiving education about diabetes management, text messaging and reminders may be
a way to boost adherence. This may be because children, adolescents, and parents or caregivers
may respond well to reminders to help them with monitoring adherence to diabetes regimens.
It may be feasible for children to send information on their monitoring efforts via mobile phone
to research staff. This method may result in successful support, and messaging may be a good
method for providing booster sessions, in terms of reminders and short educational messages
to improve adherence.

8. Case studies

The next paragraphs of this chapter present information related to adherence through case
studies with fictional characters to review key issues related to adherence. This will illustrate
key points in the research on adherence at an individual level.
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8.1. Case study 1

Jacklyn is an 11-year-old white girl with T1DM. She has had diabetes since she turned 4 years
old. She is the youngest of four children. She gets along well with her siblings and parents
most of the time. She has one good friend at school and two close friends in her neighborhood.
She enjoys dancing and belongs to a local dance group. Her grades at school remain strong,
with a long-standing academic record of A’s and B’s.

Jacklyn has recently experienced stress because her older sister, whom she used to be very
close to, is now spending the majority of her time with a new boyfriend. Also, her mother just
began working full time. Previously, she had a part-time job at a local school. This meant her
mother’s schedule matched Jacklyn’s schedule and therefore her mother was readily available
to help her manage her diabetes regimen. She packed Jacklyn’s lunch and cooked all of her
meals and was home to help Jacklyn with snacking. Since her part-time job was at Jacklyn’s
school, her mother was always available to help Jacklyn if she had a hypoglycemic or hyper‐
glycemic episode at school. She had snacks on hand to bring to Jacklyn’s classroom. Jacklyn
wears a diabetic pump, which she likes better than shots.

Currently Jacklyn’s mother has begun a full-time job in a local bank. Thus, for the first time,
Jacklyn is having opportunities to manage her diabetes more independently. However, this
has been proving a difficult task for Jacklyn. She keeps forgetting her snack to bring to school.
She is having difficulty preparing her snacks at home and remembering to test her blood sugar
and call her mother with the results. Jacklyn’s mother is concerned for her daughter’s diabetes
management and mentioned this to the diabetes educator at one of Jacklyn’s regular clinic
visits. The diabetes educator had several recommendations to assist Jacklyn with her diabetes
management.

First, the diabetes educator provided Jacklyn with a self-monitoring book, where she could
record her blood sugar levels. She taught Jacklyn to set the alarm on her iPad so that she would
have a “reminder” to remember to check her blood sugar regularly when she was home alone
after school before her mother came home from work. She talked with Jacklyn about snacks
she could have and then worked with Jacklyn and her mother to help them get snacks ready,
in correct proportions, so that Jacklyn could easily get a snack, with knowledge of the carbo‐
hydrates in the snack, after testing her blood sugar when this was called for, based on results
of blood glucose monitoring.

The diabetes educator recommended that Jacklyn and her mother have nightly checks to
determine how her diabetes management had gone each day. At these “check-in” meetings,
they could brainstorm about ways to improve diabetes management or it was an opportunity
for Jacklyn’s mother to praise her new-found independence if self-monitoring was leading to
regular “testing” and better dietary monitoring/management.

Jacklyn responded well to the prospect of participating in meetings and was very excited to
have positive support as she began to tackle having greater levels of responsibility in man‐
agement of her diabetes regimen. However, she did ask that some meetings occur during brief
telephone contacts as she had a very busy social life and was involved in after-school activities.
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The diabetes educator did request that there be one in-person mother–daughter session to
address communication about diabetes management between mother and daughter.

In this session, Jacklyn worked with her mother and the diabetes educator, in a private session,
to rehearse ways to let other girls in her peer group know that she needed to count her
carbohydrates and snack “thoughtfully” in order to best manage her diabetes. In their group
session, the diabetes educator, Jacklyn, and her mother worked on improving their commu‐
nication so that Jacklyn could tell her mother when she ate extra portions of high-carbohydrate
foods and had “extra” snacks, so that when they talked on the telephone, her mother could
offer the best guidance about insulin administration on her pump. Jacklyn’s mother acknowl‐
edged that she could be very overprotective of her daughter and would try to use text messages
rather than phone checks to briefly “check in” with her daughter. Her mother admitted she
needed to place more trust in Jacklyn to manage her snacking and communicate with her
mother about her own ideas about how best to manage her diet. At the end of this session,
both mother and daughter agreed to a few more sessions to discuss communication and
teamwork around diabetes management.

For the next few sessions, Jacklyn showed some resistance to sharing information with her
mother because she was worried that her mother would become angry with her related to her
“extra” snacking. Although her mother was not as receptive as she could have been, with
further counseling sessions, she became more open to listening to her daughter and working
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test her blood sugar levels. In time, the need for telephone checks also was reduced, and Jacklyn
contacted her diabetes educator for support when needed. Jacklyn and her mother maintained
their weekly meetings so that they had a dedicated time to plan regarding meals, snacks, and
weekly diabetes management goals.

Over time, Jacklyn made progress in becoming more involved in her diabetes management.
She was more involved in counting her carbohydrates. She was more involved in decision
making about what she ate and in managing her diabetes. Jacklyn and her mother worked
with the diabetes educator to develop a plan for Jacklyn to improve her self-monitoring and
record her blood sugar levels by developing a logging method by storing her numbers on her
telephone in a “notes application.” Jacklyn continued to exercise regularly, and her involve‐
ment in decisions about her diabetes management improved, which improved her belief in
her ability to make good decisions about managing her diabetes and to have more of a role in
managing her diabetes.

Jacklyn did not present with serious emotional issues related to her diabetes management.
Should this have been the case, then referral to a child psychologist or mental health counselor
may have been warranted. Addressing emotional issues, such as depression, can improve
diabetes management [16, 17]. Jacklyn was experiencing some feelings of sadness related to
spending less time with her sister. A possible other area to improve quality of life may have
been to ensure that Jacklyn was involved in meaningful activities with friends. Ensuring that
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she had opportunities to socialize with peers may have further contributed to positive
emotional functioning.

Jacklyn might have benefitted from participating in a diabetes support group or attending a
summer camp with other youth with T1DM. She would then be able to access peer support.
If she was feeling isolated and perhaps feeling that she was the “only child” who had diabetes,
being with others could have alleviated loneliness. If she experienced feelings of isolation due
to believing that her friends did not understand her medical condition, support from peers
facing similar issues could have provided a boost to her spirits, thereby improving her self-
efficacy for managing her illness.

Self-monitoring of eating behaviors and carbohydrate counts was very helpful in assisting this
youngster in understanding what she needed to do in terms of next steps in her diabetes
management. This is consistent with research indicating that self-monitoring of blood glucose
levels is critical to diabetes management in youth with T1DM [38]. Developing monitoring
plans, which can “fit in” with children’s and adolescents’ busy lifestyles, and which can help
them communicate with their parents, can be a way to track progress and gather concrete data
about ways to improve diabetes management. Calendars, tracking sheets, food diaries, and
other tools can be customized to meet the individual needs of child–caregiver units so that
they can work together to manage the child’s diabetes and implement his or her medical
regimen. It can be beneficial to monitor stress and exercise levels, in addition to diet and blood
glucose testing, so that the child and caregiver gain an understanding of the need to juggle
four balls when managing diabetes: food, blood glucose monitoring, exercise, and stress.

Support from her mother was critical to Jacklyn’s diabetes management. This is consistent with
literature indicating that family cohesion and teamwork, particularly around the child’s
diabetes management goals, can facilitate adherence [22]. Family meetings or finding oppor‐
tunities to discuss a shared vision for diabetes management may help families find the time to
plan for success and plan for monitoring the four areas for self-management (food, blood
glucose monitoring, exercise, and stress). It is noteworthy that the role of the diabetes educator
could be played by other health professionals such as the school nurse, the nurse on the medical
team, a doctor, or a child health psychologist. Moreover, support need not always be in person
or in the same setting or room. For instance, Nicholas and colleagues [13] found that partici‐
pation in an online support and education program facilitated diabetes management. We
believe that more research into the utility of online support is needed, as this type of support
may be critical to those children and adolescents residing in rural areas where they are not
close to a children’s medical center. Whether it is online or in person, some of the key ingre‐
dients to adherence success are support, monitoring, and teamwork to help the child learn
greater self-management.

8.2. Case study 2

Raphael is a 16-year-old male diagnosed as obese and as having T2DM related to his obesity.
He is struggling with issues related to adhering to recommendations to facilitate weight loss
and improve his involvement in regular physical activity, which at the current time is walking.
Raphael finds walking boring and does not want any people in his neighborhood to see him
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walking. He reported that there was no healthy food at home and that if he ate healthy food
at lunch at school, he would face teasing from his friends with whom he eats lunch. Raphael
was referred for counseling by the medical team at the obesity management clinic at a local
hospital. The medical team in this clinic is assisting in managing Raphael’s weight manage‐
ment and diabetes, with consultation from a pediatric endocrinologist. In his first counseling
session, Raphael stated that he felt change in his eating and exercise habits was not possible.
He also admitted to having difficulty remembering to take his diabetes medication. He
reported he takes his medicine about 50% of the time. His grades at school are in the “B” range,
and he said he got along well with his mother, a single parent. He never sees his father and is
an only child. After coming home from school, he snacks and plays video games. He has a
great love of electronics, and some day he would like to have a job developing video games.

Raphael was slow to warm up to interacting with his counselor. He stated, “I’m fine and don’t
need to be here.” The counselor attempted to establish common ground with Raphael and
confirm his need to attend some counseling to learn about ways to better manage his health
issues. His counselor was a male and tried to engage Raphael in conversations about video
games. This was an activity Raphael liked, so he told his counselor about some games he
enjoyed. Raphael particularly enjoyed games where he played against other teenagers online.
After this discussion, Raphael’s counselor asked if he could provide Raphael with education
about diabetes management, and Raphael reluctantly agreed to discuss this.

The counselor, who was well versed in pediatric health issues, provided Raphael with
information about the long-term and short-term health risks associated with his weight and
diabetes. He provided Raphael with pamphlets that had information about diabetes manage‐
ment. He and Raphael reviewed information about diabetes from the American Diabetes
Association on the counselor’s laptop computer. Raphael showed surprise when learning the
severity of some of the medical complications associated with T2DM. He reported, “I didn’t
think it was that important to take my pills or to count my carbs.”

After several sessions, Raphael and his counselor agreed to a plan to improve his adherence
to taking his medications and improving his diet. They involved his mother in a session, and
with her assistance, they talked about having more vegetables and fruits in the refrigerator
and about buying less of the high-fat, high-carbohydrate snacks that Raphael was used to
consuming while he played video games in the kitchen after school. They agreed to have fruits
and vegetables with light dressing available for snacks, and Raphael agreed to play video
games in his room after he had his afterschool snack and tested his blood sugar. This would
make it more difficult to access snacks without thinking about getting up and leaving the games
in which he was involved.

Raphael also agreed to keep a calendar to monitor taking his medication every day. He agreed
to take his medication in the morning, with his mother observing his actions. After taking the
medication, his mother would record successful administration of the medication on the
calendar. This was to occur for 1 month, and if Raphael established a regular routine for taking
his medication, then he and his mother would talk about gradually turning over responsibility
for taking his medication to Raphael.
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A similar plan was developed for helping Raphael to begin to count his carbohydrate intake
and record his snacks using a food diary. Both Raphael and his mother recorded what he ate
during the day and in the evenings. His mother took notes and recorded what Raphael ate
daily, and they talked about his calorie intake, how many carbohydrates he had eaten, and
how often he had tested his blood sugar. Raphael was to record his blood sugar levels after
school, but he was having difficulty doing this, so his mother assisted with recording this, in
the hopes that after some time with this added support, Raphael would be able to record results
of his daily blood glucose testing and his diet more independently. Raphael seemed to enjoy
the help from his mother and her support. He did not wish to be responsible for monitoring
on his own, so this shared management approach was successful. His counselor invited his
mother to every third counseling session, and they had weekly phone sessions so that the
counselor could support Raphael’s mother’s involvement in this shared management ap‐
proach. Raphael’s counselor contacted the nurse on his medical team and his mother also
reported on their progress to the medical team. After communicating, it was agreed that
referral to a nutrition expert at the hospital was necessary to gain further information and to
educate Raphael and his mother further regarding weight loss and diet.

Progress was very slow in terms of improving physical activity. Raphael did not want to
participate in gym class—he usually sat on the sidelines. The reason for this is he did not want
to be made fun of by peers for being overweight and unable to play games well. For similar
reasons, fear of teasing and stigma due to his weight, Raphael did not want to exercise in the
neighborhood at home. In order to improve his access to a place where he could exercise,
Raphael’s counselor called a local training center. The counselor networked with the medical
team to write an application to the training center so that Raphael could get a complimentary
membership, as Raphael’s mother could not afford to pay for a gym membership for her son.
Raphael’s mother worked with the counselor to develop an incentive for Raphael to work out.
She agreed to reward Raphael for weekly physical activity by providing him with an allowance
that he could spend on computer games. A month after joining the gym, Raphael went for a
first training session. He agreed to walk on the indoor track, but not to lift weights. He was
able to go to the gym once per week and was earning some extra money for video games, but
progress in this area was slow and an area for continued planning and discussion in counseling
sessions.

Raphael and his mother were referred to online support groups for parents and youth with
diabetes after a period of time. Raphael’s mother reported that she benefitted from her
participation in the parent group. However, Raphael did not connect with others in his
adolescent group. Therefore, the counselor contacted his medical team to see if there were
other peers with which Raphael could be connected. The nurse for the team could not identify
any peer support that would be a “match” for Raphael from among their current records, but
the team (counselor, mother, and medical professionals) supporting Raphael all became aware
of his need for peer support in coping with being overweight and having T2DM. They kept in
touch through monthly telephone meetings coordinated by Raphael’s counselor. Raphael
continued in counseling, and his sessions were now biweekly. He enjoyed his referral to the
nutrition expert and agreed to meet with her once per month.

Major Topics in Type 1 Diabetes164



A similar plan was developed for helping Raphael to begin to count his carbohydrate intake
and record his snacks using a food diary. Both Raphael and his mother recorded what he ate
during the day and in the evenings. His mother took notes and recorded what Raphael ate
daily, and they talked about his calorie intake, how many carbohydrates he had eaten, and
how often he had tested his blood sugar. Raphael was to record his blood sugar levels after
school, but he was having difficulty doing this, so his mother assisted with recording this, in
the hopes that after some time with this added support, Raphael would be able to record results
of his daily blood glucose testing and his diet more independently. Raphael seemed to enjoy
the help from his mother and her support. He did not wish to be responsible for monitoring
on his own, so this shared management approach was successful. His counselor invited his
mother to every third counseling session, and they had weekly phone sessions so that the
counselor could support Raphael’s mother’s involvement in this shared management ap‐
proach. Raphael’s counselor contacted the nurse on his medical team and his mother also
reported on their progress to the medical team. After communicating, it was agreed that
referral to a nutrition expert at the hospital was necessary to gain further information and to
educate Raphael and his mother further regarding weight loss and diet.

Progress was very slow in terms of improving physical activity. Raphael did not want to
participate in gym class—he usually sat on the sidelines. The reason for this is he did not want
to be made fun of by peers for being overweight and unable to play games well. For similar
reasons, fear of teasing and stigma due to his weight, Raphael did not want to exercise in the
neighborhood at home. In order to improve his access to a place where he could exercise,
Raphael’s counselor called a local training center. The counselor networked with the medical
team to write an application to the training center so that Raphael could get a complimentary
membership, as Raphael’s mother could not afford to pay for a gym membership for her son.
Raphael’s mother worked with the counselor to develop an incentive for Raphael to work out.
She agreed to reward Raphael for weekly physical activity by providing him with an allowance
that he could spend on computer games. A month after joining the gym, Raphael went for a
first training session. He agreed to walk on the indoor track, but not to lift weights. He was
able to go to the gym once per week and was earning some extra money for video games, but
progress in this area was slow and an area for continued planning and discussion in counseling
sessions.

Raphael and his mother were referred to online support groups for parents and youth with
diabetes after a period of time. Raphael’s mother reported that she benefitted from her
participation in the parent group. However, Raphael did not connect with others in his
adolescent group. Therefore, the counselor contacted his medical team to see if there were
other peers with which Raphael could be connected. The nurse for the team could not identify
any peer support that would be a “match” for Raphael from among their current records, but
the team (counselor, mother, and medical professionals) supporting Raphael all became aware
of his need for peer support in coping with being overweight and having T2DM. They kept in
touch through monthly telephone meetings coordinated by Raphael’s counselor. Raphael
continued in counseling, and his sessions were now biweekly. He enjoyed his referral to the
nutrition expert and agreed to meet with her once per month.

Major Topics in Type 1 Diabetes164

In summary, Raphael showed some improvement in his diabetes management and in thinking
about weight loss. Planning was in place to ensure long-term medical monitoring and support
for Raphael from his mother and the medical team. This additional level of accountability was
in place to improve his chances at monitoring his diabetes and weight issues. After 6 months,
he was taking his medication regularly, and his snacking was healthier in nature because he
was consuming more fruits and vegetables rather than potato chips and candy. He was
monitoring his blood glucose levels as well. His exercise level had not greatly improved, and
this was an area for continued goal setting. Eventually, it was hoped that his mother would
provide less support and that Raphael would become more involved in managing his diabetes
and caring for his health. This fictional case provides examples of how a counselor (and this
role could also be played by other health professionals) can be an integral part of the diabetes
team to help an adolescent with diabetes management. This case outlined the need for close
collaboration between the parent, child, and medical team and the need for a long-term
commitment to improving adherence and supporting the adolescent in order for him to learn
more about his condition and become more involved in self-care. Also, this case review
highlighted the importance of parent support and shared parent–child management of the
diabetes regimen.

8.3. Case study 3

Jonas, a 15-year-old male with T1DM, came to his medical team because he was experiencing
teasing related to needing privacy to test his blood glucose levels at school. He had requested
to leave the classroom to “give myself my needle stick” to test my blood sugar. His teacher
was not understanding of his need for privacy. His teacher mentioned this in front of the class,
and after this incident, another boy in his class started calling him a “sissy” for his requests to
“test” outside the classroom. Jonas wished to test his blood sugar levels outside the classroom
so he did not feel like “everyone is ‘staring at me’ when I need to stick my finger with a needle
to test my blood sugar.”

Jonas mentioned this problem to a nurse on his diabetes management team when he came in
for a regular visit with his team at a local children’s hospital. The nurse recommended that
Jonas have a talk with his teacher about his diabetes. Jonas replied, “Again? I have talked with
him before. He doesn’t listen.” The nurse also had an opportunity to talk with Jonas’s mother
about his diabetes management at school. His mother mentioned that it was difficult for Jonas
to have snacks in the classroom if his blood sugar level was low. Also, it was difficult for him
to get permission to go and see the school nurse if he felt he needed her assistance if he thought
his blood sugar levels were either too high or too low. After a brief conversation with the team,
his nurse asked Jonas and his mother if they could talk by telephone later on the same day,
after clinic had ended. The nurse for the medical team called Jonas and his mother and placed
them on speaker phone so that she and Jonas’s doctor could converse with Jonas and his mother
about diabetes management at school.

During this conversation, both Jonas and his mother indicated that support at school for
testing, snacking, and diabetes management was “below average” this year. Although support
had been good in some of the previous years, it tended to change based on the classroom
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teacher and the changes in personnel, in terms of school nursing. The doctor brought up the
need for written, special education planning as part of Jonas’s school record in order to ensure
that he could check his blood sugar and snack to follow his diabetes regimen. Jonas was
hesitant about having a special plan, but his mother thought it would be important. The adults
promised Jonas that having a special plan at school, in terms of a section 504 plan or other
health impaired plan, would help Jonas, in that he would no longer need to worry about asking
his teacher to test and have snacks when he needed them. After another round of discussion
in the telephone conference, Jonas reluctantly agreed for his mother to approach the school
staff (school principal and school nurse) about having a written health care plan for Jonas at
school. His mother promised the medical team she would contact them about her progress.

Jonas’s mother met with the school principal and nurse. At first, they did not wish to develop
a written plan, but his mother requested a written health care plan be developed for her son’s
school record. She had been advised by the medical team to make sure a written health care
plan, with information for handling emergency situations, was developed for the school
setting. The principal and nurse agreed to this plan and a second meeting was set. This meeting
included the principal, the school nurse, Jonas’s mother, the nurse from Jonas’s hospital-based
medical care team, and his teacher. Jonas was present as well, for part of the meeting. During
this meeting, a school health care plan was drafted. It included an agreement to allow Jonas
to go outside the classroom to test his blood sugar level, and it required snacks to be kept in
the classroom. If Jonas was experiencing a hyperglycemic or hypoglycemic episode, then a
friend or classmate would walk to the nurse with him. The school nurse and his teachers, as
well as the front office staff, had a special health care card with what to do if Jonas needed
immediate medical attention related to his diabetes. The nurse on Jonas’s medical team visited
his classroom to explain his diabetes and needs for monitoring and medical management, in
an effort to increase understanding and acceptance among his classmates.

In the long run, after the plan was implemented, Jonas said it was beneficial because he did
not have to keep re-explaining about his diabetes to his teacher. The teacher reported increased
confidence for assisting Jonas with managing his diabetes. His mother reported hearing fewer
complaints from Jonas about his diabetes management at school. Written care plans can benefit
children in school settings. In addition, our team believes that written care plans can help
coaches and other leaders of extracurricular activities assist children with managing their
diabetes and will provide important instruction about emergency planning. Written care plans
should include information about eating, snacking, insulin administration, testing, and
emergency planning and contacts. These plans can be a protective factor for youth with
diabetes.

9. Conclusion

This chapter has presented information on areas that influence children’s adherence and
variables that influence children’s abilities to adhere to their medical regimens. The research
we have reviewed emphasizes the importance of teamwork between the child and the family
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for establishing goals. We think that teamwork is critical, and we would like to add that the
medical team is a key player on the team. When these professionals emphasize patient-
centered care (with parent involvement) and goal setting, they will gain advantages in meeting
children and parents “where they are” and developing specific, individualized plans to help
children manage their diabetes regimen over time, thereby reducing health risks and improv‐
ing quality of life and health outcomes for these children.

We have several ideas for future research to advance the field. For example, conducting more
research about ways to optimize diabetes management in schools and during extracurricular
after-school activities will provide information about what works best in real-world settings.
Further information about “best practices” for improving adherence in children with special
needs will extend the literature. Similarly, more information is needed about programs for
improving diabetes management in children and adolescents with T2DM. Since many children
with T2DM may be overweight, it will be important to incorporate diabetes education and
awareness into weight management programs, so that youth with weight problems who
develop T2DM have support for their diabetes management within the context of their weight
management treatment. Perhaps researchers can utilize studies with adults with T2DM as a
starting point for developing interventions to improve adherence for adolescents with T2DM
since the majority of youth with T2DM will probably be in this development period.

Venditti et al. [36] discussed lifestyle coaching as an intervention to improve diabetes man‐
agement. We believe that peer support from other youth with diabetes and lifestyle coaching
are underexplored interventions for improving youth adherence. Peer support can occur in
online or “in person” though support groups and may be an inexpensive way to provide
education and support for children and adolescents with diabetes, especially during the first
few years after receiving a diagnosis. Parent or caregiver support groups could work in a
similar fashion to provide education and support for parents of young children who have
recently been diagnosed with diabetes. Peer and parent support can also be critical when
adherence becomes difficult, such as during the teenage years or after a difficult life period for
youth that has been filled with significant life stressors. Understanding ways to involve peers
in positive ways, to make sure that peer support has a positive and uplifting impact on
emotional functioning and diabetes management, also remains important to ensuring that peer
support results in positive health and emotional outcomes for youth with diabetes.
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