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Abstract Treatment of type 1 diabetes mellitus (T1DM)

requires lifelong administration of exogenous insulin. The

primary goal of treatment of T1DM in children and ado-

lescents is to maintain near-normoglycemia through

intensive insulin therapy, avoid acute complications, and

prevent long-term microvascular and macrovascular com-

plications, while facilitating as close to a normal life as

possible. Effective insulin therapy must, therefore, be

provided on the basis of the needs, preferences, and

resources of the individual and the family for optimal

management of T1DM. To achieve target glycemic control,

the best therapeutic option for patients with T1DM is basal-

bolus therapy either with multiple daily injections (MDI) or

continuous subcutaneous insulin infusion (CSII). Many

formulations of insulin are available to help simulate

endogenous insulin secretion as closely as possible in an

effort to eliminate the symptoms and complications of

hyperglycemia, while minimizing the risk of hypoglycemia

secondary to therapy. When using MDI, basal insulin

requirements are given as an injection of long- or inter-

mediate-acting insulin analogs, while meal-related glucose

excursions are controlled with bolus injections of rapid-

acting insulin analogs. Alternatively, CSII can be used,

which provides a 24-h preselected but adjustable basal rate

of rapid-acting insulin, along with patient-activated meal-

time bolus doses, eliminating the need for periodic injec-

tions. Both MDI treatment and CSII therapy must be

supported by comprehensive education that is appropriate

for the individual needs of the patient and family before

and after initiation. Current therapies still do not match the

endogenous insulin profile of pancreatic b-cells, and all

still pose risks of suboptimal control, hypoglycemia, and

ketosis in children and adolescents. The safety and success

of a prescribed insulin regimen is, therefore, dependent on

self-monitoring of blood glucose and/or a continuous glu-

cose monitoring system to avoid critical hypoglycemia and

glucose variability. Regardless of the mode of insulin

therapy, doses should be adapted on the basis of the daily

pattern of blood glucose, through regular review and

reassessment, and patient factors such as exercise and

pubertal status. New therapy options such as sensor-aug-

mented insulin pump therapy, which integrates CSII with a

continuous glucose sensor, along with emerging therapies

such as the artificial pancreas, will likely continue to

improve safe insulin therapy in the near future.

1 Introduction

Type 1 diabetes mellitus (T1DM) is characterized by

insulin deficiency due to autoimmune destruction of

pancreatic b-cells. In most western countries, T1DM

accounts for over 90 % of childhood and adolescent

diabetes [1], and in the USA, Europe, and Australia, its

incidence has been increasing by 2–5 % over the past two

decades [2–5].

Treatment of T1DM requires lifelong administration of

exogenous insulin, along with monitoring of blood glucose

levels (BGL) to prevent acute and late complications of

diabetes. The Diabetes Control and Complications Trial

and its follow-up Epidemiology of Diabetes Interventions

and Complications Study demonstrated conclusively that

intensive blood glucose control reduces and delays the

progression of diabetes complications [6–8]. Thus, optimal
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glycemic control is the cornerstone of diabetes care.

Unfortunately, almost a century after the discovery of

insulin, the most common cause of death in a child with

diabetes, from a global perspective, is lack of access to

insulin [9].

The challenge in treating children and adolescents with

T1DM is safely achieving and maintaining tight metabolic

control as early as possible after disease onset, while sup-

porting growth and development (Table 1). This update

aims to provide an overview of insulin therapy in youth

with T1DM in healthcare settings with access to current

insulin therapy options, with an emphasis on current-day

management and practical considerations for the providers

of care to these children.

2 Insulin Formulations in Clinical Use

Since the discovery of insulin by Banting et al. in 1921

[10], insulin therapy has evolved considerably. Human

insulin is now biosynthetically produced through recom-

binant techniques, and the availability of highly purified

human insulin preparations has markedly reduced immu-

nogenicity, virtually eliminating therapeutic complications

such as insulin allergy, immune insulin resistance, and

localized lipoatrophy at the injection site [11].

The aim of insulin therapy in children and adolescents

with T1DM is to replicate the insulin secretion of a nor-

mally functioning pancreas. To achieve glucose homeo-

stasis, the pancreas releases both (1) continuous,

background insulin to help maintain euglycemia in the

fasting state (basal insulin); and (2) short bursts of insulin

in response to plasma glucose levels rising above

80–100 mg/dL (bolus insulin), such as those occurring

shortly after a meal [12]. Thus, an insulin replacement

regimen for T1DM consists of both basal and bolus insulin

components, along with extra insulin required to lower

serum glucose into the target range when hyperglycemia

occurs (Fig. 1).

Current therapies, however, still do not match the

endogenous insulin profile of pancreatic b-cells, and all

still pose risks of suboptimal control, hypoglycemia, and

ketosis [13]. Each insulin formulation differs with regard to

the time of onset and duration of action (Table 2).

2.1 Short-Acting Insulin Preparations

Regular insulin is a soluble crystalline zinc insulin, which

has historically been used as bolus insulin to approximate

the response of endogenous insulin. However, regular

insulin has delayed absorption because of its tendency to

self-aggregate into large hexamers, resulting in an onset of

action 30 min after administration, a late peak effect at

close to 2–4 h, and a longer duration of action (5–8 h) [14].

While its use in daily insulin regimens has diminished in

youth with T1DM, regular insulin is well suited to intra-

venous insulin therapy; thus, it plays an important role in

the management of diabetic ketoacidosis (DKA) or during

perioperative management of patients with T1DM [15].

Rapid-acting insulin analogs differ from regular insulin

in that they dissociate quickly into monomers because of a

structurally altered b-insulin chain that impedes self-

aggregation. As a result, they are absorbed more rapidly,

with an onset of action 10–15 min after subcutaneous

injection and peak physiologic effects between 90 and

Table 1 Plasma blood glucose goals for type 1 diabetes mellitus by

age group, as defined by the American Diabetes Association

Age group Before meals

(mg/dL)

At bedtime/

overnight (mg/dL)

Toddlers and preschoolers

(aged \6 years)

100–180 110–200

School-aged children

(aged 6–12 years)

90–180 100–180

Adolescents and young adults

(aged 13–19 years)

90–130 90–150

Source: American Diabetes Association [87]

Fig. 1 Example of a

physiologic insulin delivery

regimen
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100 min after the bolus dose, and they have a shorter

duration of action (3–5 h) than regular human insulin [16,

17]. Currently, three rapid-acting insulin analogs (aspart,

lispro, and glulisine) are commercially available for chil-

dren, all of which have similar pharmacokinetic and

pharmacodynamic properties [18, 19]. Each has a more

consistent duration of action than regular insulin, and all

have been shown to have less variability in absorption at

the injection site [20]. Rapid-acting insulin analogs are now

widely used in mealtime insulin replacement and are the

insulins used in insulin pump therapy.

2.2 Long-Acting Insulin Preparations

Neutral protamine Hagedorn (NPH) consists of a protam-

inated form of recombinant regular insulin in a neutral pH

solution. It was introduced in the 1940s in an attempt to

prolong the biological action of regular insulin prepara-

tions, to help reduce insulin dosing frequency, and to

mimic basal release of insulin from the pancreas [21].

NPH, however, has an onset of action at 2–4 h and reaches

a pronounced peak between 4 and 8 h. Its pharmacologic

effect subsequently falls off rapidly for a duration of action

that is less than 24 h (usually 12–18 h in clinical practice),

making it most suitable for a twice-daily regimen [22]. A

notable drawback of NPH is that both inter- and intra-

individual variability are high [23].

Insulin glargine was the first long-acting analog devel-

oped to better approximate a basal insulin profile. Glargine

differs from human insulin by three amino acids, resulting

in a molecule that is less soluble in neutral pH at the

injection site. After administration, it forms a precipitate

that acts as a depot from which insulin is slowly released

into the circulation [24, 25]. Unlike NPH, glargine is

without any pronounced peaks and is generally given once

daily to provide basal coverage [26, 27].

Insulin detemir is the other long-acting insulin analog in

common clinical use for basal insulin replacement. Its

modifications cause it to self-associate into hexamers and

reversibly bind to albumin, which delays its absorption and

gives it both a flat and protracted pharmacodynamic profile

and lower within-subject variability than glargine [28, 29].

An important consideration is that lower doses result in a

shorter duration of action; thus, twice-daily injections are

usually employed, especially in children and adolescents

with T1DM, to allow for complete 24-h basal insulin

coverage [30].

Insulin degludec is an ultra-long-acting insulin analog

which, after subcutaneous injection, forms long chains of

multi-hexamers, resulting in a soluble depot in the subcu-

taneous tissue [31]. The gradual separation of insulin de-

gludec monomers from the multihexamers leads to

prolonged, stable release of insulin degludec from the

subcutaneous depot, with a glucose-lowering profile that is

ultra-long, flat, and without apparent peaks [32]. Insulin

degludec has been shown to have a duration of action[42 h

and four times less within-subject variability in its glucose-

lowering effect than insulin glargine [33]. Thus, it has the

potential to broaden the options for current diabetes treat-

ment, with a flexible three-times-weekly dosing regimen

that can be administered at any time of the day, but it is

currently only approved in the European Union and Japan.

3 Initiation of Insulin Therapy

Insulin doses must be individualized and may vary by time

of day, by relationship to meals, and by age. The metabolic

Table 2 Types of insulin preparations and their pharmacokinetic parameters

Insulin type Onset of action (h) Peak of action (h) Effective duration (h)

Short-acting insulin preparations

Regular insulin 0.5–1 2–4 5–8

Aspart/glulisine/lispro (rapid-acting analogs) 0.15–0.35 1–3 3–5

Long-acting insulin preparations

NPH 2–4 4–12 12–18

Glargine (basal analog) 2–4 No peak 24a

Detemir (basal analog) 1–2 No peak 6–23b

Degludecc (basal analog) 0.5–1.5 No peak [42

Adapted from Bangstad et al. [15]

NPH neutral protamine Hagedorn
a Duration of action may be shorter than 24 h
b Dose dependent
c Currently approved only in the European Union and Japan
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derangements seen at the time of diagnosis of T1DM are

accompanied by a significant deterioration in insulin sen-

sitivity. Thus, when BGL normalize, the required insulin

doses may rapidly decline, reflecting improved insulin

sensitivity and, perhaps, early recovery of endogenous

insulin secretion [34]. Early normalization or near-nor-

malization of BGL with intensive insulin therapy after a

new diagnosis of T1DM may be associated with improved

long-term glycemic control and higher endogenous insulin

production 1 year after diagnosis [35].

3.1 Clinical and Patient Factors

Insulin should be commenced shortly after diagnosis. If

ketosis is present, insulin should be initiated within 6 h to

prevent DKA. The prevalence of DKA at the time of

diagnosis of T1DM in children is high, especially in very

young children [36, 37]. It is well recognized by most

clinicians that insulin sensitivity is lower in the immediate

aftermath of DKA; thus, starting insulin doses may need to

be higher than those in children presenting without DKA

[38].

In practice, total insulin doses of 0.5–0.75 U/kg/day are

typically chosen at T1DM onset, and the dose is then

adjusted on a daily basis to achieve target glycemia [9].

The obese [39] or pubertal child typically requires more

insulin, as both conditions exacerbate insulin resistance

(see Sect. 4.5). Younger children, on the other hand,

require reduced amounts of insulin because of lower body

weight, higher insulin sensitivity, and the risk of hypo-

glycemia. In the very young child, total daily doses (TDD)

may be B0.5 U/kg/day, and if carbohydrate intake is low,

diluted rapid acting insulin analogs may even be required.

For example, it is not uncommon at the authors’ institution

to use U10 insulin (10 U/mL) instead of the usual U100 for

rapid-acting insulin in the very young to facilitate more

accurate mealtime dosing. This is not required when pump

therapy is utilized; however, an insulin pump is rarely

commenced at the time of insulin initiation.

3.2 Basal Insulin

Basal insulin is started at the time of diagnosis of diabetes

or at the time of transition from an intravenous insulin

infusion, if this has been necessary for resolution of DKA.

At the authors’ institution, since the tissue half-life of

insulin is longer than that of intravenous insulin, the first

dose of subcutaneous basal insulin is given 30 min prior to

stopping the intravenous insulin infusion.

In addition to adjusting the dose on the basis of the

patient and clinical factors delineated above, the initial

basal insulin dose depends upon which long-acting insulin

preparation is chosen. While the use of intermediate

insulins such as NPH persists in clinical practice, basal-

bolus regimens that utilize long-acting analogs are

increasingly preferred. Glargine is generally given once

daily in the evening or at bedtime but can be given in the

morning before breakfast, where it may be associated with

lower rates of nocturnal hypoglycemia [34]. If subsequent

monitoring suggests a duration of action in the individual

patient of less than 24 h, it may be given twice daily [40].

Detemir is typically given twice daily because it has a

shorter duration of action than glargine.

With modern rapid-acting analogs now in widespread

use for multiple daily injections (MDI), the proportion of

the total daily dose that is given as a long-acting basal

analog is typically 40–50 % (in some individuals, this may

be as much as 60 % if carbohydrate intake is low) [15]. If

regular insulin is chosen as the mealtime insulin rather than

a rapid-acting analog, then the basal dose as a proportion of

the TDD will be lower, as regular short-acting insulin has a

longer duration of action; thus, it may provide some basal

coverage. NPH insulin may be chosen where basal analogs

are not available and will require twice-daily dosing when

combined with rapid-acting analogs. In most children, this

option is not preferred.

3.3 Bolus Insulin

Initiation of bolus insulin is determined by practical

considerations and generally coincides with the introduc-

tion of basal insulin. A majority of children are now

prescribed one of the three available rapid-acting analogs,

which are given multiple times per day to coincide with

meals, significant snacks, and the need for additional

doses to correct hyperglycemia between meals. Their

advantages, as detailed previously, include a quicker onset

of action and shorter duration, with a resultant reduced

risk of insulin ‘‘stacking’’ (overlap of two consecutive

rapid-acting doses) and, thus, hypoglycemia. If glargine or

detemir is chosen as the basal insulin, the proportion of

the TDD given as rapid-acting insulin is generally

50–60 %.

The bolus insulin dose is based on the intended carbo-

hydrate intake, with a set ratio of insulin to carbohydrates

utilized (or insulin per ‘‘exchanges’’ where one exchange is

the equivalent of 15 g of carbohydrate). This insulin:car-

bohydrate ratio is individualized but, in general, it can be

calculated using the TDD and the ‘‘rule of 500’’ as a

starting point, with the resulting number being equivalent

to the approximate ratio required to adequately maintain

target blood glucose despite a given carbohydrate load

(Table 3). Insulin:carbohydrate ratios may vary by time of

day. For example, insulin dosing early in the day may need

to be more aggressive than that used at lunch and/or dinner,

because of the diurnal variation in insulin sensitivity.
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In general, only the carbohydrate content of a given

meal is considered when calculating the prandial bolus

insulin dose. However, there are limitations to this

approach, as meals high in protein and fat have been shown

to increase glucose excursions in youth using intensive

insulin therapy 3–5 h post-meal and have an additive

impact on the delayed postprandial glycemic rise [41].

Continuous subcutaneous insulin infusion (CSII) (see Sect.

4.2) may be one option to tailor prandial insulin delivery to

the composition of a meal and anticipated glycemic effects.

The dual-wave bolus option, for example, is a tool imple-

mented in insulin pumps, which delivers a combination of

an instant standard pre-meal insulin bolus followed by a

square bolus infused over several hours to extend bolus

insulin delivery for a given meal [42]. Formulas for

increasing meal-time insulin doses and bolus calculators

that include the fat and protein content of the food have yet

to be validated, and further research is required.

In addition, an initial ‘‘correction factor’’ to lower the

glucose level into the target range is implemented and

adjusted as required. If a patient is found to be hypergly-

cemic on the basis of the pre-meal blood glucose level, the

‘‘correction factor’’ dose is usually added to the rapid-

acting insulin being given to cover carbohydrates con-

sumed. Where glucose is measured in milligrams per

deciliter, the ‘‘rule of 1,800’’ (or the ‘‘rule of 100’’ for

glucose levels measured in millimoles per liter) may be

used to calculate a reasonable initial correction dose of

rapid-acting insulin.

3.4 Diabetes Education

At the time of diagnosis, the child or adolescent (depending

upon age, maturity, and social/family circumstances) and

the patient’s family must be taught diabetes self-manage-

ment skills. A structured program has been shown to be

superior to unstructured new-onset diabetes teaching and

will initially include survival skills such as the pathogen-

esis of diabetes, types of insulin used, insulin dose calcu-

lation, and how to detect, treat, and prevent both ketosis

and hypoglycemia [9].

The diabetes education program may be based in the

inpatient setting once the patient is medically stable or in

an ambulatory setting, if appropriate facilities exist, as

several studies have suggested that outpatient-based edu-

cation is equally effective and cheaper than inpatient-based

education [43]. For patients receiving education in the

inpatient setting, it may be reasonable to provide somewhat

more aggressive insulin dosing than in those who are being

taught new-onset survival skills on an outpatient basis.

When an ambulatory setting is chosen for education, an

initial total daily dose of 0.3–0.5 U/kg/day has been shown

to be safe and effective, since some of the insulin admin-

istration and glucose monitoring will be performed at home

by the patient and/or the family [44].

4 Maintenance Insulin Therapy

4.1 Self-Monitoring of Blood Glucose

The goal of maintenance insulin therapy is to eliminate the

symptoms and complications of hyperglycemia while

minimizing the risk of hypoglycemia secondary to therapy.

Thus, the safety and success of a prescribed insulin regi-

men is dependent on some form of self-monitoring of

blood glucose (SMBG).

The frequency of SMBG is individualized depending on

the type of insulin regimen, the ability of the child to

identify hypoglycemia, and the available technology.

Measuring BGL at different times of the day allows for

better insulin adjustment for food consumption, correction

Table 3 Sample insulin regimen calculations

Example patient 6-year-old female with new-onset diabetes who presents with 1 week of symptoms of polyuria and polydipsia, is not in

diabetic ketoacidosis, and is without significant ketosis, intercurrent illness, or acanthosis nigricans (weight 20 kg)

Sample insulin

regimen

• Glargine 5 U once daily in the morning

• Lispro 1 U for every 50 g of carbohydrates for all meals and snacks

• Lispro 1 U for every 180 mg/dL greater than a target blood glucose level of 150 mg/dL

Estimation of insulin TDD = 0.5 U/kg/day (for example patient)

Calculation of insulin TDD = 0.5 U/kg/day 9 20 = 10 U/day

Estimation of basal insulin dose = 50 % of TDD (using glargine)

Calculation of basal insulin dose = 0.5 9 10 = 5 U

Estimation of bolus carbohydrate coverage = rule of 500: 500/TDD

Calculation of bolus carbohydrate coverage = 500/10 = 50 g of carbohydrates per 1 U of insulin

Estimation of correction factor for hyperglycemia = rule of 1,800 (mg/dL): 1,800/TDD

Calculation of correction factor for hyperglycemia = 1,800/10 = 180 mg/dL per 1 U of insulin

TDD total daily dose
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of out-of-target glucose values, unnoticed overnight

hypoglycemia and hyperglycemia, and changes with

physical activity [45]. Modern glucometers are inexpen-

sive, accurate, and easy-to-use, and children and adoles-

cents are recommended to check BGL four or more times

daily [46]. Frequent testing has been repeatedly associated

with improved glycated hemoglobin (HbA1c) levels in

both youth and adults with T1DM [47–49].

Even when performed correctly, multiple BGL checks

only provide information about a single point in time and

do not sufficiently capture the wide fluctuations in blood

glucose that occur during a 24-h period in many patients

with diabetes. Continuous glucose monitoring (CGM)

systems, which measure interstitial fluid glucose semi-

continuously, have the potential to provide information on

trends in the decline or rise of BGL that would not be

identified in conventional monitoring; thus, they are being

increasingly utilized in the overnight setting to avoid crit-

ical hypoglycemia [50, 51].

A recent Cochrane review demonstrated that CGM

combined with MDI lowered HbA1c levels by 0.2 %,

while those patients on insulin pump therapy augmented by

CGM had, on average, a 0.7 % improvement in HbA1c

levels across all age groups, compared with patients using

MDI and SMBG [52]. CGM is offered as an adjunct to

SMBG to all children and adolescents who would benefit

on the basis of the available evidence, particularly those

with T1DM who have hypoglycemia unawareness, expe-

rience frequent hypoglycemia, and/or are highly motivated

to improve their glycemic control. The disadvantages of

CGM include the lag time between the blood glucose value

and the interstitial glucose value, and the need for routine

calibration; thus, patients must confirm the sensor glucose

measurement with a fingerstick measurement before mak-

ing any treatment decisions.

4.2 Insulin Pump Therapy

As insulin pump devices have become more reliable,

smaller, and safer, insulin pump treatment is of increasing

interest in children and adolescents with T1DM as an

alternative to MDI. By delivering rapid-acting insulin

continuously as an infusion into the subcutaneous tissue

throughout the day, using a small self-inserted catheter,

insulin pump therapy replaces the need for periodic injec-

tions. Pump devices mimic physiologic insulin release by

administration of a 24-hour preselected but adjustable

basal rate, along with patient-activated mealtime bolus

doses [53]. Potential adverse events that may arise include

a pump malfunction, which could lead to DKA because of

insufficient insulin delivery, and catheter-site infection or

discomfort [54].

CSII represents an important advancement in diabetes

technology to help children with type 1 diabetes achieve

near-normal BGL. Pump therapy is commonly used in

preschool children—particularly in infants and toddlers

because of their frequent snacking patterns and the ability

to deliver small amounts of insulin—and in children who

suffer from needle fear, by helping to reduce the number of

‘‘needle sticks’’ [55]. In addition, insulin pumps have the

capability to deliver varying basal rates at different times

of the day. The ability to establish a basal profile tailored to

a child or adolescent is particularly helpful in those chil-

dren who are prone to frequent hypoglycemia, as well as in

managing children with early-morning hyperglycemia due

to a pronounced dawn phenomenon secondary to increased

tissue insulin resistance [56]. Further, the additional flexi-

bility of modern insulin pumps allows for easier adaptation

of insulin dosing for current physiologic needs (e.g., ces-

sation of insulin delivery during exercise or reduced tem-

porary basal rates); thus, pumps may be preferred for

athletes. Compared with MDI, CSII has been found to yield

better satisfaction with overall quality of life in children

with T1DM [57].

Recent meta-analyses have demonstrated that, compared

with multiple daily insulin injections, the use of insulin

pump therapy reduces the HbA1c level without an increase

in hypoglycemia [58, 59], though the data are inconsistent

in younger children [57, 60]. At the authors’ institution, we

offer insulin pump therapy to any interested patient/family

where adequate self-monitoring of BGL, competent car-

bohydrate-counting skills, and reliable communication

with the medical team regarding issues with frequent

hypoglycemia or significant hyperglycemia have all been

demonstrated. There is no age-related limit to pump use.

Children who are experiencing suboptimal diabetes control

with MDI or microvascular complications and/or have risk

factors for macrovascular complications are strongly con-

sidered [54]. Like MDI treatment, CSII therapy must be

supported by comprehensive education appropriate for the

individual needs of the patient and family before and after

initiation.

Of additional promise is the development of sensor-

augmented insulin pump therapy, which integrates CSII

with a continuous glucose sensor. The CGM sensor gives

the patient predictive alerts of impending hyper- or

hypoglycemia, based on the trending glucose levels. This

information can then be used by the patient (or the insulin

pump itself) to adjust the rate of insulin delivery or to

temporarily suspend it altogether [51, 61]. The efficacy

and clinical utility of this technology have been estab-

lished in the STAR 3 study, in which better glycemic

control was achieved safely in CSII therapy, compared

with MDI [62].
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4.3 Hypoglycemia

Several studies have shown that the fear of hypoglycemia,

and especially the fear of nocturnal hypoglycemia, is the

most prominent barrier to target glycemic control. This

may be patient or parental fear, or both [63]. Severe

hypoglycemia can cause seizures or a significantly altered

mental status, while mild hypoglycemia is associated with

altered cognitive function with respect to learning and

attention. One episode of hypoglycemia is associated with

recurrent near-term hypoglycemia due to changes in the

glucose threshold required to trigger an autonomic

response [64].

Exercise is strongly associated with hypoglycemia in

children with T1DM, both during the event itself and

afterward. Indeed, nocturnal hypoglycemia is particularly

common after exercise, in part because of the greater

insulin sensitivity after exercise [65] and also because sleep

itself is a state of impaired hormonal counterregulation in

the presence of hypoglycemia [66]. Other risk factors for

hypoglycemia include younger age, a longer duration of

diabetes, and a lower HbA1c level [67], which must be

considered when managing the diabetic child or adolescent

with insulin.

Modern insulin analogs display distinct advantages,

compared with their older-generation counterparts, when

considering the risk of hypoglycemia. While the evidence

is mixed regarding improvement in overall glycemic con-

trol with the use of long-acting basal analogs [15], rates of

hypoglycemia are routinely lower, and this is perhaps their

most significant advantage over older regimens using NPH,

premixed insulin, or a combination thereof. This may be

particularly true of nocturnal hypoglycemia, given the

relative absence of a ‘‘peak’’ in the middle of the night and

less day-to-day variability when compared with NPH.

Rapid-acting analogs also appear to mostly improve rates

of hypoglycemia rather than overall control as defined by

the HbA1c level [68]. Similarly, pump therapy is associ-

ated with lower rates of hypoglycemia when compared

with MDI regimens using NPH [69, 70] and glargine [71]

as the long-acting insulin.

4.4 Exercise

While physical activity and exercise are cornerstones of the

management of type 1 diabetes, the management of insulin

dosing around exercise deserves special consideration [72].

In particular, exercise increases the risk of hypoglycemia

during and after exercise, in part because of increased

insulin sensitivity and insulin-dependent glucose disposal

[73]. Those without diabetes are able to compensate for

this by decreasing insulin secretion and increasing coun-

terregulatory hormone responses, which together increase

hepatic glucose output to balance skeletal muscle uptake.

However, in T1DM, insulin is not tied to physical activity

or glucose levels; thus, mindful and manual adjustment to

delivered insulin is necessary to attenuate the risk of

hypoglycemia. This may be best achieved with the flexi-

bility of insulin pump therapy.

While the glycemic effects vary by type and intensity of

exercise, it has been demonstrated that suspending basal

insulin during exercise decreases the rate of hypoglycemia

[74]. In addition, it has recently been shown that following

afternoon exercise, a further 20 % reduction in the basal

insulin rate between 9 p.m. and 3 a.m. is safe and effective

in reducing the rate of nocturnal hypoglycemia [75]. It may

be that in some patients and some situations, simple

avoidance of hypoglycemia during activity by suspending

insulin delivery is effective also in preventing delayed

hypoglycemia because there is less depletion of counter-

regulatory responses.

The modern rapid-acting insulins all have a similar onset

and peak action [76]; thus, a bolus of these insulins should

ideally be avoided in the 60–90 min prior to exercise to

prevent the peak effect of the bolus coinciding with the

hypoglycemic stimulus of exercise itself. For this reason, it

is recommended that the pre-exercise meal be consumed

3–4 h prior to exercise to facilitate appropriate insulin

dosing and time for glucose uptake and energy storage.

Where this is impractical, or the exercise is likely to be

particularly prolonged or intense, a reduction in the pre-

exercise meal bolus dose by as much as 75 % may be

effective [77]. It is important, though, that a reduction in

the post-exercise bolus is also considered along with

adjustments to basal insulin delivery. If a meal is consumed

in the early post-exercise period, a 50 % reduction may be

safest but is still associated with delayed nocturnal hypo-

glycemia without a basal insulin reduction.

4.5 Puberty

Puberty is a time of physiologic insulin resistance. Insulin

resistance increases at pubertal onset, peaks at mid-puberty

in both boys and girls (Tanner stage 3), and generally

returns to near pre-pubertal levels at the completion of

puberty [78]. In longitudinal studies, insulin sensitivity has

been shown to fall by about one third by mid-puberty, when

compared with the pre-pubertal state [79]. It is, therefore,

not surprising that in youth with type 1 diabetes, higher

insulin doses are required to maintain target glycemic

control, with doses as much as 1.5 U/kg/day being required,

or more. While the aforementioned pubertal increases in

insulin resistance drive some of the absolute increases in the

insulin dose, some may also be driven by increased appetite,

more frequent snacking, and larger meal sizes. One study,

however, found that on a per kilogram basis, the amount of
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bolus insulin delivered on a daily basis in adolescents is no

different than that in younger children [80].

5 Emerging Therapies

Optimal glycemic control through intensive insulin therapy

and modern insulin delivery methods may come at the

expense of hypoglycemia, indicating the need for improved

treatments to achieve target glycemic control more safely

[64]. To address this, new insulin analogs with improved

safety profiles, such as insulin degludec, are being inves-

tigated [81, 82].

The most promising therapy for T1DM, however, is the

closed-loop artificial pancreas, which mimics the physiol-

ogy of the pancreas by coupling automated delivery of

insulin with continuous glucose measurements to achieve

target BGL under the control of a computer algorithm [83].

Early proof-of-concept studies have shown that closed-loop

systems, with minimal patient involvement, can provide

adequate glycemic control in short-term, inpatient, clinical

research center studies [84, 85]. A recent trial in a small

group of critically ill adult patients randomized to receive

fully automated closed-loop therapy for 48 h saw a four-

fold increase in time spent in the target glucose range and

reduced time spent at higher glucose levels, suggesting that

fully automated closed-loop control based on subcutaneous

glucose measurements is feasible and has the potential to

be more efficacious [86].

6 Conclusion

The primary goal of treatment of T1DM in children and

adolescents is to maintain near-normoglycemia through

intensive insulin therapy, avoid acute complications, and

prevent long-term microvascular and macrovascular com-

plications, while facilitating as close to a normal life as

possible. Effective insulin therapy must, therefore, be

available for optimal management of T1DM.

The choice of insulin regimen should consider the

needs, preferences, and resources of the individual and the

family. Treatment innovations—including MDI regimens,

new and more physiologic insulin analogs, insulin delivery

through CSII, and sophisticated blood glucose monitor-

ing—have all contributed to improvement in the manage-

ment of T1DM. Emerging therapies and, in particular, the

artificial pancreas, will likely continue to improve safe

insulin therapy in the near future.
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