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Since the introduction of insulin analogs in 1996, insulin therapy options for type 1 and type 2 diabetics have expanded. Insulin therapies are now able to more closely mimic physiologic insulin secretion and thus achieve better glycemic control in patients with diabetes. This chapter reviews the pharmacology of available insulins, types of insulin regimens and principles of dosage selection and adjustment, and provides an overview of insulin pump therapy. For complete coverage of this and related aspects of Endocrinology, please visit our FREE web-book, www.endotext.org.


PHARMACOLOGY

In 1922, Canadian researchers were the first to demonstrate a physiologic response to injected animal insulin in a patient with type 1 diabetes. In 1955, insulin was the first protein to be fully sequenced. The insulin molecule consists of 51 amino acids arranged in two chains, an A chain (21 amino acids) and B chain (30 amino acids) that are linked by two disulfide bonds (1) (Figure 1). Proinsulin is the insulin precursor that is transported to the Golgi apparatus of the beta cell where it is processed and packaged into granules. Proinsulin, a single-chain 86 amino acid peptide, is cleaved into insulin and C-peptide (a connecting peptide); both are secreted in equimolar portions from the beta cell upon stimulation from glucose and other insulin secretagogues. While C-peptide has no known physiologic function, it can be measured to provide an estimate of endogenous insulin secretion.
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Figure 1: Insulin Structure


[bookmark: OLE_LINK11][bookmark: OLE_LINK12]SOURCES OF INSULIN

With the availability of human insulin by recombinant DNA technology in the 1980s, use of animal insulin declined dramatically. Beef insulin, beef-pork and pork insulin are no longer commercially available in the United States. The United States FDA may allow for personal importation of beef insulin from a foreign country if a patient cannot be treated with human insulin (2). Beef insulin differs from human insulin by 3 amino acids and pork insulin differs by one amino acid (1). 
Currently, in the United States, insulins used are either human insulin and/or analogs of human insulin. The recombinant DNA technique for human insulin involves insertion of the human proinsulin gene into either Saccharomyces cerevisiae (baker’s yeast) or a non-pathogenic laboratory strain of Escherichia coli (E coli) which serve as the production organism. Human insulin is then isolated and purified (3-10). 

INSULIN ANALOGS

Recombinant DNA technology has allowed for the development and production of analogs to human insulin. With analogs, the insulin molecule structure is modified slightly to alter the pharmacokinetic properties of insulin, primarily affecting the absorption of the drug from the subcutaneous tissue. The B26-B30 region of the insulin molecule is not critical for insulin receptor recognition and it is in this region that amino acids are generally substituted (11). Thus, the insulin analogs are still recognized by and bind to the insulin receptor. The structures of three rapid-acting insulin analogs are shown in Figure 2 (insulin aspart, lispro and glulisine) and the structures of two long-acting insulin analogs are shown in Figure 3 (insulin glargine and detemir).
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Figure 2: Insulin Aspart, Glulisine and Lispro Structures
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Figure 3: Insulin Glargine and Detemir Structures

[bookmark: OLE_LINK13][bookmark: OLE_LINK14][bookmark: _GoBack]In vitro studies have demonstrated the mitogenic effects of insulin at high concentrations, as well as carcinogenic effects of insulin binding to the insulin like growth factor-1 (IGF-1) receptor, suggesting that hyperinsulinemia may promote tumorogenesis. Because insulin analogs are modified human insulin, the safety and efficacy profiles of these insulins have been compared to human insulin (11). Insulin and IGF-1 receptor binding affinities, and the metabolic and mitogenic potencies of insulin analogs relative to human insulin have been assessed. Insulin lispro and aspart are similar to human insulin on all of the above parameters, except insulin lispro was found to be 1.5-fold more potent in binding to the IGF-1 receptor compared to human insulin. Insulin glargine was found to have a 6- to 8-fold increase in mitogenic potency and IGF-1 receptor affinity compared to human insulin. However, glargine is rapidly degraded to metabolites. The predominant metabolite M1 has been shown to have a 0.4-fold binding affinity to the IGF-1 receptor compared with human insulin (12). In human studies, meta-analyses comparing exogenous insulin to non-insulin antihyperglycemic therapies have shown associations of insulin with several cancers (13, 14). However, there are inherent limitations to such analyses. A more recent review of large epidemiologic studies did not find evidence of an increased risk of malignancy among glargine-treated patients when compared with other insulin therapies (12).
Insulin detemir was found to be more than 5-fold less potent than human insulin in binding to IGF-1. (11). The long term clinical significance of differences in IGF-1 binding among available insulins is not known.

IMMUNOGENICITY

Because pork and beef insulin differ from human insulin by 1 and 3 amino acids respectively, they are more immunogenic than exogenous human insulin. Older formulations of insulin were less pure, containing islet-cell peptides, proinsulin, C-peptide, pancreatic polypeptides, glucagon, and somatostatin, which contributed to immunogenicity of insulin (15). Components of insulin preparations (e.g., zinc, protamine) and subcutaneous insulin aggregates are also thought to contribute to antibody formation (15). Commercially available human insulins are now virtually free of contaminants and contain <1 ppm of proinsulin (1). Local or systemic hypersensitivity reactions, lipodystrophy, and antibody production causing insulin resistance, are now rarely seen with exogenous human insulin (1). Because of the availability of human insulin and the increased potential for animal source insulin to be immunogenic, animal source insulins are no longer available in the United States.

Rare hypersensitivity responses to insulin can be immediate-type, local or systemic IgE-mediated       reactions (15). Patients who experience a true allergic reaction to insulin have typically received insulin in the past, and experience the reaction after insulin is restarted.
Delayed, IgG-mediated allergic reactions also develop with animal insulins (15). Insulin therapy can rarely result in the production of insulin antibodies of the IgG class, which inactivate insulin.  Immunological insulin resistance can develop in patients with very high titers of IgG-antibodies.
Lipodystrophy resulting from insulin injections refers to two conditions: lipoatrophy and lipohypertrophy. Lipoatrophy is an immune-mediated condition resulting in loss of fat at insulin injection sites (15) and occurs rarely with purified human insulins. Treatment for patients who developed lipoatrophy due to animal insulin use was injection of human insulin into the atrophied site. Lipohypertrophy is a common, non-immunological side effect of insulin resulting from insulin’s trophic effects following repeated injections of insulin into the same subcutaneous site.

CONCENTRATION

In the United States, all insulins are available in the concentration of 100 units/ml (denoted as U-100). Insulin syringes are designed to accommodate this concentration of insulin. Regular human insulin (Humulin R, Lilly) is available in a more concentrated insulin, U-500 (500 units/ml), and is used primarily in cases of marked insulin resistance, when large doses of insulin (generally > 200 units per day) are required. As specific syringes for U-500 insulin are not available, extreme caution must be taken as each marked unit on a U-100 syringe will deliver 5 units of insulin. To avoid errors in insulin dosing when prescribing insulin in concentrations other than U-100, it is recommended that the dose be written both as the number of U-100 units prescribed and the number of ml to draw up on the insulin syringe.  Insulin glargine is also available in a U-300 concentration, delivering 300 units/ml. The dose of insulin a patient dials into the pen device is in U-100 units.
Outside the United States, a less concentrated insulin preparation, U-40, (40 units/ml) is still available and sometimes used. Specific U-40 syringes are used with this insulin. It is important that patients traveling from one country to the next be aware of the concentration of insulin they use, and that the appropriate syringe is used.

PHYSICAL AND CHEMICAL PROPERTIES

Regular human insulin is crystalline zinc insulin dissolved in a clear solution. It may be administered by any parenteral route: subcutaneous, intramuscular, or intravenous. Insulin aspart, glulisine and lispro are also soluble crystalline zinc insulin, but are intended for subcutaneous (SQ) injection. When administered intravenously, the action of these rapid-acting insulin analogs is identical to that of regular insulin. NPH, or neutral protamine Hagedorn, is a suspension of regular insulin complexed with protamine that delays its absorption. Insulin suspensions should not be administered intravenously. All insulins, except insulin glargine, are formulated to a neutral pH.
Long-acting insulin glargine is a soluble, clear insulin, with a pH of 4.0 which affects its SQ absorption characteristics, discussed further in the pharmacokinetics section. Insulin glargine should not be mixed with other insulins, and should only be administered subcutaneously (5). Insulin detemir is an insulin analog coupled to an 18-chain fatty acid that binds to albumin in the SQ tissue. This results in delayed absorption and a prolonged duration of action. Insulin detemir should also not be mixed with other insulins, and is intended only for subcutaneous use.

PHARMACOKINETICS

Absorption

Insulin administered via SQ injection is absorbed directly into the bloodstream, with the lymphatic system playing a minor role in transport (1). The absorption of human insulin into the bloodstream after SQ absorption is the rate limiting step of insulin activity. This absorption is inconsistent with the coefficients of variation of T50% (time for 50% of the insulin dose to be absorbed) varying ~ 25% within an individual and up to 50% between patients (1, 16). Most of this variability of insulin absorption is correlated to blood flow differences at the various sites of injection (abdomen, deltoid, gluteus, and thigh) (1). For regular insulin, the impact of this is a ~ 2 times faster rate of absorption from the abdomen than other subcutaneous sites (1). The clinical significance of this is that patients should avoid random use of different body regions for their injections. For example, if a patient prefers to use their thigh for a noontime injection, this site should be used consistently for this injection. The abdomen is the preferred site of injection because it is the least susceptible to factors affecting insulin absorption (see Table 1). Insulin aspart, glulisine and lispro appear to have less day-to-day variation in absorption rates and also less absorption variation from the different body regions (3, 6, 10, 17). Insulin glargine’s pharmacokinetic profile is similar after abdominal, deltoid or thigh SQ administration.  

Factors that alter insulin absorption do so mostly by changing local blood flow in the SQ tissue. Factors that increase SQ blood flow increase the absorption rate. Table 1 lists factors that affect insulin absorption.

Table 1. Factors Affecting Insulin Absorption (1,11,18) 
	Factor
	Comment

	Exercise of injected area
	Strenuous exercise of a limb within 1 hour of
injection will speed insulin absorption. 
Clinically significant for regular insulin analogs.

	Local massage
	Vigorously rubbing or massaging the injection site will speed absorption.

	Temperature
	Heat can increase absorption rate, including use of a sauna, shower, or hot bath soon after injection. Cold has the opposite effect.

	Site of injection
	Insulin is absorbed faster from the abdomen.
Less clinically relevant with rapid-acting insulins, insulin glargine and insulin detemir.

	Lipohypertrophy
	Injection into hypertrophied areas delays insulin absorption.

	Jet injectors
	Increase absorption rate.


	Insulin mixtures
	Absorption rates are unpredictable when
suspension insulins are not mixed adequately (i.e., they need to be resuspended).

	Insulin dose
	Larger doses delay insulin action and prolong duration.

	Physical status (soluble vs. suspension)
	Suspension insulins must be sufficiently resuspended prior to injection to reduce variability.




Elimination

The kidneys and liver account for the majority of insulin degradation. Normally, the liver degrades 50-60% of insulin released by the pancreas into the portal vein, and the kidneys ~35-45% (17, 19). When insulin is injected exogenously, the degradation profile is altered since insulin is no longer delivered directly to the portal vein. The kidney has a greater role in insulin degradation with SQ insulin (~60%), with the liver degrading ~30-40% (20).
Because the kidneys are involved in the degradation of insulin, renal dysfunction will reduce the clearance of insulin and prolong its effect. This decreased clearance is seen with both endogenous insulin production (either normal production or that stimulated by oral agents) and exogenous insulin administration. Renal function generally needs to be greatly diminished before this becomes clinically significant (21). Clinically, a deterioration in renal function leads to a progressive decline in exogenous insulin requirements, and an increased risk of hypoglycemia.

PHARMACODYNAMICS

The onset, peak, and duration of effect vary among insulin preparations. Insulin pharmacodynamics refers to the metabolic effect of insulin. Commercially available insulins are categorized as rapid-acting, short-acting, intermediate-acting, and long- acting. Insulins currently available in the United States are listed in Table 2. Insulin pharmacodynamics of the various insulins are shown in Table 3. Ranges are listed for the onset, peak and duration, accounting for intra/inter-patient variability. By having patients self-monitor their blood glucose frequently, the patient-specific time-action profile of the specific insulin can be better appreciated. Figures 4a-4b show the time-activity profiles for available injectable insulins. 

Table 2. Insulins Commercially Available in the US (Recombinant DNA origin)
	Category/Name of Insulin
	Brand Name (manufacturer)
	Preparation(s)

	Rapid-Acting

	Insulin Lispro 

	Humalog (Lilly)

	Vial, cartridge,
disposable pen


	Insulin Aspart

	Novolog (Novo Nordisk)

	Vial, cartridge,
disposable pen

	Insulin Glulisine
	Apidra (Sanofi-Aventis)
	Vial, disposable pen  

	Technosphere insulin
	Afreeza
	Inhaler

	Short-Acting


	Regular Human
	Humulin R (Lilly)
Novolin R (Novo Nordisk)
	Vial


	Intermediate-Acting


	NPH Human
	Humulin N (Lilly)
Novolin N (Novo Nordisk)
	Vial, disposable pen
Vial

	Long-Acting

	Insulin Detemir
	Levemir (Novo Nordisk)

	Vial, disposable pen

	Insulin Glargine
	Lantus (Sanofi-Aventis)
	Vial, cartridge, disposable pen

	Insulin Mixtures

	NPH/Regular (70%/30%)
	Humulin 70/30 (Lilly)
Novolin 70/30 (Novo Nordisk)
	Vial, disposable pen
Vial

	Protamine/Lispro         (50%/50%)

	Humalog Mix 50/50(Lilly)

	Vial, disposable pen


	Protamine/Lispro (75%25%)
	Humalog Mix 75/25(Lilly)
	Vial, disposable pen


	Protamine/Aspart (70/30)
	Novolog Mix 70/30 (Novo Nordisk)

	Vial, disposable pen













Table 3. Insulin Pharmacodynamics (3-10, 16, 18-20, 22)

	Insulin
	Onset (hr)
	Peak (hr)
	Duration (hr)
	Appearance

	Insulin Lispro
	within 15 min
	~ 1
	3-5
	Clear

	Insulin Aspart
	within 15 min
	1-3
	3-5
	Clear

	Insulin Glulisine
	0.25-0.5
	0.5-1
	4
	Clear

	Technosphere
	within 5 min
	15 min
	about 3
	Powder

	Regular
	~ 1
	2-4
	5-8
	Clear

	NPH
	1-2
	4-10
	14+
	Cloudy

	Insulin Detemir
	3-4
	6-8 (though
relatively flat)
	up to 20-24
	Clear

	Insulin Glargine
	1.5
	flat
	24
	Clear

	Lispro Mix 50/50
	0.25-0.5
	0.5-3
	14-24
	Cloudy

	Lispro Mix 75/25
	0.25-5
	0.5-2.5
	14-24
	Cloudy

	Aspart Mix 70/30
	0.1-0.2
	1-4
	18-24
	Cloudy



Note: Patient specific onset, peak, duration may vary from times listed in table.
Peak and duration are dose-dependent, with longer duration of actions seen with large doses.
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Figure 4a. Pharmacodynamic Profiles of a Rapid Insulin Analog (insulin lispro) and Regular Insulin (22, 23)
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Figure 4b. Pharmacodynamic Profiles of Long-Acting and Intermediate-Acting Basal Insulins (24, 25)

Dose-Dependent Effect

The pharmacodynamics of regular and NPH are particularly affected by the size of the dose (1). Larger doses can cause a delay in the peak and increase the duration of action. 

INSULIN PREPARATIONS

Short-Acting (Prandial or Bolus) Regular Insulin

Regular insulin is injected pre-meal to blunt the postprandial rise in glucose levels. It forms hexamers after injection into the SQ space slowing its absorption. Hexameric insulin progressively dissociates into absorbable insulin dimers and monomers. For this reason, regular insulin has a delayed onset of action of 30-60 minutes, and should be injected approximately 30 minutes before the meal to blunt the postprandial rise in blood glucose. Adherence to a 30 minute pre-meal schedule is inconvenient and difficult for many patients.

Rapid-Acting (Prandial or Bolus) Insulin Analogs

Rapid-acting analogs result from changes to the amino acid structure of human insulin which lead to decreases in hexameric insulin formation after injection into the SQ space. This leads to more rapid dissolution of insulin into monomers, more rapid insulin absorption into the bloodstream and a shorter duration of action. While on a molar basis rapid-acting insulin analogs have identical in vivo potency compared to regular human insulin, higher peak concentrations are achieved (19). For this reason, when converting from regular to a rapid-acting insulin analog, the dose of insulin may need to be reduced. When compared to regular insulin, the rapid-acting insulin analogs lead to less postprandial hyperglycemia and less late postprandial hypoglycemia (26-28). Injection of rapid-acting insulin analogs 15-20 minutes pre-meal leads to maximal reduction of postprandial glucose excursions (29,30), as compared to 30 or more minutes pre-meal for regular insulin. This shorter interval for insulin injection pre-meal is more convenient for patients and leads to greater adherence with prescribed injection timing guidelines. In patients who are unsure of the amount of carbohydrate to be served for a meal, immediate pre-meal dosing allows more accurate dosing, and reduces the risk of hypoglycemia. All rapid-acting insulin analogs are approved for use in pumps.

Insulin Lispro (Humalog)

Insulin lispro (Humalog) results from the reversal of the B28 (proline) and B29 (lysine) amino acid sequence of insulin.

Insulin lispro has been approved for injection before and immediately after a meal. Post-meal insulin dosing is useful for parents of young children with type 1 diabetes, in whom the amount of carbohydrates consumed at a meal can be unpredictable. When compared with pre-meal regular insulin in prepubertal children, post meal insulin lispro showed no significant differences in post meal glucose levels, rates of hypoglycemia or HbA1c (31). In the rare case of severe human insulin allergy, insulin lispro has been shown to be less immunogenic (32). 

Insulin Aspart (Novolog)

Insulin aspart differs from human insulin by a substitution of the B28 amino acid proline with 
aspartic acid. Chemically it is B28-aspartic acid-human insulin.
 
Insulin Glulisine (Apidra)

Insulin glulisine differs from human insulin by changes in the amino acid asparagine at position B3 to lysine and the lysine at position B29 to glutamic acid. Chemically, it is 3B-lysine-29B-glutamic acid-human insulin. 

Inhaled (Technosphere) Insulin

Inhaled insulin formulations deliver powdered insulin into the lower airways using an inhaled delivery device. Exubera received FDA approval in 2006 but failed to gain market share and production was discontinued after 1 year. Technosphere insulin (Afrezza) was FDA approved in 2014. Its pulmonary absorption leads to a more rapid absorption than currently available, subcutaneously administered rapid-acting insulin preparations. In subjects with T2D, serum insulin levels rise within 5 minutes after inhalation and peak after 17 minutes (33 see below)). When compared with pre-meal human Regular insulin, technosphere insulin more effectively reduced 4-hour postprandial glucose area under the curve by 52% (34, see below). Only 0.3% of technosphere insulin is detectable in the lungs after 12 hours. 

Technosphere insulin leads to a dry cough in 19-30 % of subjects tested (33-36). Small, reductions in forced expiratory volume (FEV1) are observed in the first 3-6 months of use which are non-progressive for up to 2 years of follow up and reversible after drug discontinuation (35, 37, 38). The use of technosphere is contraindicated in patients who smoke or have COPD because of alterations in drug absorption. Spirometry needs to be performed prior to initiation of technosphere insulin, after 6 months and then annually thereafter, with a 20% or higher decline in FEV1 being an indication for drug discontinuation (39). 

Intermediate-Acting Insulins (NPH)

NPH (Neutral Protamine Hagedorn) insulin, was created in 1936 after it was discovered that the effects of subcutaneously injected insulin could be prolonged by the addition of the protein protamine. NPH insulin is an intermediate-acting insulin, whose onset of action is approximately 2 hours, peak effect is 6-14 hours, and duration of action of 10-16 hours (depending on the size of the dose). Because of its broad peak and long duration of action, NPH can serve as a basal insulin only when dosed at bedtime, or a basal and prandial insulin when dosed in the morning. NPH insulin is available in various combinations with either regular insulin or rapid-acting insulins (Table 2).

Long-Acting (Basal) Insulin Analogs

Long-acting insulins provide basal insulin coverage. Basal insulins suppress hepatic gluconeogenesis to prevent glucose levels from rising during the fasting state in insulin-deficient patients. Among patients with type 1 diabetes, basal insulins additionally prevent ketogenesis.

Insulin Glargine (Lantus)

Insulin glargine (21A-Gly-30Ba-L-Arg-30Bb-L-Arg-human insulin) contains two modifications to human insulin. Two arginines are added to the C-terminus of the B chain shifting the isoelectric point of the insulin from a pH of 5.4 to 6.7 (40). This change makes the insulin more soluble at an acidic pH and insulin glargine is formulated at a pH of 4.0. The second modification is at position A21, where asparagine is replaced by glycine. This substitution prevents deamidation and dimerisation that would occur with acid-sensitive asparagine. When insulin glargine is injected into subcutaneous tissue, which is at physiologic pH, the acidic solution is neutralized. Microprecipitates of insulin glargine are formed, from which small amounts of insulin are released throughout a 24-hour period, resulting in a relatively stable level of insulin throughout the day (41). The biological activity of insulin glargine is due to its absorption kinetics and not a different pharmacodynamic activity (e.g., stimulation of peripheral glucose uptake) (42)
Insulin glargine should not be mixed in the same syringe with any another insulin or solution because this will alter its pH and thus affect its absorption profile. Glargine has an onset of action of about 2 hours, and a duration of action of 20-24 hours. It may be given once daily at any time of day, or twice daily at higher doses (typically more than 50 units daily) to better maintain its relatively flat action profile. Its more consistent rate of absorption and lack of a significant peak action result in reduced nocturnal hypoglycemia when insulin glargine is used at bedtime compared with NPH insulin (43, 44).  

Insulin Detemir (Levemir)

Insulin detemir (Levemir) is a long-acting insulin analog in which the B30 amino acid is omitted and a C14 fatty acid chain (myristic acid) is bound to the B29 lysine amino acid. Insulin detemir is slowly absorbed due to its strong association with albumin in the SQ tissue. When it reaches the bloodstream it again binds to albumin delaying its distribution to the peripheral tissues. Detemir has an onset of action of about 2 hours, and a duration of action of 16-24 hours. It can be given once or twice daily. Patients who experience a rise in glucose levels in the hours prior to a once daily injection due to the waning action of detemir should use a twice daily dosing regimen.

Insulin degludec is an ultra-long-acting modified human insulin in which the B30 amino acid is omitted and a glutamic acid spacer links a 16-carbon fatty di-acid chain to the B29 amino acid. Deguldec forms multihexamers following SQ injection, leading to a slow release of insulin monomers into the bloodstream and a prolonged duration of action. The half-life of degludec is about 25 hours and its duration of action more than 42 hours. Flat insulin levels are seen within 3 days of the first injection with less daytime variability when compared with glargine insulin (96). With overall similar HbA1c lowering when compared with glargine insulin, reduced rates of hypoglycemia have been seen with degludec use in T2D patients, but not in T1D patients (97). No differences in local site reactions, weight gain or other adverse reactions have been seen with degludec use. In 2013, the Food and Drug Administration in the United States asked for more cardiovascular safety data before approving degludec, citing an increased risk of cardiovascular events from a meta-analysis of 17 clinical trials which used degludec.

Pre-mixed Intermediate with Short or Rapid-acting insulins (50/50, 70/30 and 75/25)

NPH insulin or protamine added to rapid-acting insulin analogs can be mixed together with regular or rapid-acting insulin analogs in fixed combinations. These insulins thus provide bolus insulin coverage for the meal that follows the injections well as basal coverage from the intermediate-acting component of the insulin. They are given either before a larger breakfast or dinner meal as once daily dosing, or more commonly twice daily before breakfast and dinner. Patients who require basal/bolus insulin replacement but have difficulty with frequently missed insulin dosages may benefit from a regimen utilizing twice daily mixed insulin. However, given the fixed proportions of mixed insulins and their less physiologic action, there is an increased risk of hypoglycemia using these insulin preparations when compared with basal and pre-meal bolus insulin regimens (45).

Biosimilar insulins

Patent protection for a number of insulins will expire in the near future. Biosimilar insulins are in development to match the insulin profiles of a number of reference insulins. As biopharmaceuticals are more complex to manufacture, the cost savings are expected to be less than seen with most generic drugs (98). 

STORAGE

All insulins have an expiration date on the package labeling which applies to insulins that are unopened and refrigerated.
Unopened insulin (i.e.,  not previously used) should be stored in the refrigerator at 36°F- 46°F (2°C-8°C). Insulin should never be frozen, kept in direct sunlight or stored in an ambient temperature greater than 86°F (30°C). Exposure to extremes of temperature can lead to loss of insulin effectiveness, and a deterioration in glycemic control. Insulin that has been removal from the original vial (ie for pump use) should be used within two weeks, or discarded. Insulin vials , cartridges or pens may be kept at room temperature, between 59°F-86°F (15°C-30°C), for 28 days, or about 1 month. Insulin detemir can be stored at room temperature for up to 42 days. 
Regular insulin, the basal insulin analogs (glargine and detemir) and the rapid-acting insulin analogs (lispro, aspart and glulisine) are clear and colorless, and should not be used if they become cloudy or viscous. 
 
ADVERSE EFFECTS

Hypoglycemia 

Hypoglycemia is the most serious adverse effect of insulin therapy and the major barrier to achieving glycemic targets in patients with type 1 diabetes and insulin-requiring type 2 diabetes (46). Intensive insulin therapy in patients with type 1 diabetes in the DCCT was associated with a 2-3 fold increase in severe hypoglycemia, defined as hypoglycemia requiring assistance from others (47). In studies of intensive therapy in type 2 diabetes, including the UKPDS, VADT, ADVANCE, and ACCORD trials, intensive therapy resulted in significantly more common severe hypoglycemia when compared with standard therapy (48-51). Severe hypoglycemia can cause confusion, motor vehicle accidents, seizures and coma, and is estimated to be a cause of death in 4-6% of patients with type 1 diabetes (52, 53). 
The true incidence of hypoglycemia in patients with type 2 diabetes is unknown. Patients with T2DM who have had SH are at increased risk of death regardless of the intensity of their glycemic control. Hypoglycemia increases heart rate, systolic blood pressure, myocardial contractility and cardiac output, which may adversely affect those with diabetes who frequently have underlying coronary artery disease (CAD). Glucose levels below 70 mg/dl have been shown to cause ischemic ECG changes in patients with type 2 diabetes and CAD during continuous glucose and ECG monitoring (54). Hypoglycemia may lead to increased mortality due to the pro-arrhythmic effects of sympathoadrenal activation and hypokalemia (55), or from cardiac repolarization, especially in older patients with underlying cardiac disease.

Risk factors for hypoglycemia among insulin-treated patients include older age, longer duration of diabetes, renal insufficiency, hypoglycemia unawareness, prior hypoglycemia and lower HbA1c (56-59). Avoidance of hypoglycemia therefore takes on particular importance in older patients, given the greater prevalence of cardiovascular disease, cognitive dysfunction, and higher risk of falls and fractures. To help reduce the incidence of hypoglycemia, the American Diabetes Association (ADA) advises targeting a higher HbA1c of up to 8% in patients who are older, with a longer duration of disease, more comorbidities, frequent hypoglycemia and underlying cardiovascular disease (60).
All patients receiving insulin should learn to recognize the symptoms of hypoglycemia and how best to treat low glucose levels

Weight gain

Weight gain is common side effect of insulin therapy. In part, the weight gain can be a result of frequent hypoglycemic episodes in which patients consume extra calories to treat the low glucose level and often overeat in response to hunger. One of the anabolic effects of insulin is to promote the uptake of fatty acids into adipose tissue. The amount of weight gain in the DCCT (type 1 patients) and UKPDS (type 2 patients) associated with insulin therapy was 4.6 kg and 4.0 kg respectively (47, 48). Less weight gain is encountered with levemir insulin than with NPH or glargine insulin (61, 62). The etiology of lower weight gain with detemir when compared with NPH or glargine is unknown. Basal insulin added to oral antihyperglycemic agents leads to less weight gain than either biphasic insulin aspart or prandial aspart insulin (45). Lispro mix 75/25 insulin leads to greater weight gain than glargine insulin when added to oral antihyperglycemic agents (63).

Local reactions

True allergic reactions and cutaneous reactions are rare with human insulin and insulin analogs. Hypersensitivity reactions can rarely develop in response to the insulin or one of its additives (protamine for example) and can result in local erythema, pruritus, a wheal or more systemic reactions including anaphylaxis. Successful approaches to insulin allergies include continuous subcutaneous insulin infusions, and use of lispro insulin which appears to be less allergenic (32, 64).
Lipoatrophy was common with use of less pure and animal insulins, but is no longer encountered. To avoid the lipohypertrophic effects of insulin, patients should be instructed to rotate their insulin injection sites, preferably rotating within one area and not reusing for one week

Mitogenic properties

Several retrospective, observational studies have shown correlations between insulin dose and cancer risk for most insulin types (human insulin, aspart, lispro or glargine) (65-67). These observational studies assessed large patient databases and have significant, inherent limitations, such as the potential for different pre-treatment characteristics of the groups, selection bias, the small numbers of cancer cases found, and short duration of follow-up. Meta-analyses of studies comparing exogenous insulin to non-insulin antihyperglycemic therapies have shown associations of insulin with several cancers (13, 14). However, there are also inherent limitations to such analyses. In a randomized, 5-year, open-label trial comparing the progression of retinopathy of NPH and insulin glargine users, no increased risk of cancer was found in the 1,017 patient sample (68). In an analysis of 31 randomized controlled trials from the Sanofi-Aventis safety database (phase 2, 3, and 4 studies), insulin glargine was not associated with an increased risk of cancer (69). The 7-year, randomized ORIGIN trial assessed the cardiovascular effects of insulin glargine versus standard care in more than 12,500 individuals with diabetes or pre-diabetes and found no increased risk of all-cancer-combined or of cancer mortality among glargine-treated individuals (70). A recent review of large epidemiologic studies did not find evidence of an increased risk of malignancy among glargine-treated patients when compared with other insulin therapies (14). 

Cardiovascular disease

Among intensively controlled patients in the VADT (Veterans Affairs Diabetes Trial), ADVANCE (Action in Diabetes and Vascular Disease: Preterax and Diamicron MR Controlled Evaluation), and ACCORD (Action to Control Cardiovascular Risk in Diabetes), a higher proportion (41–90%) required insulin therapy than among the standard control groups (24–74%) (49-51). Nonsignificant reductions in cardiovascular events were seen with intensive diabetes control when compared with standard control in ADVANCE, ACCORD, and VADT respectively. An increased mortality rate was observed in ACCORD after 3.5 years of intensive therapy when patients were targeted to an HbA1c of less than 6.0%, 73% of whom received insulin. However, mortality was not temporally associated with severe hypoglycemia. The results of ACCORD support less aggressive diabetes management among patients at high risk for a cardiovascular event. The 7-year, randomized ORIGIN trial assessed the cardiovascular effects of insulin glargine versus standard care in more than 12,500 individuals with diabetes or pre-diabetes and found no increased risk of cardiovascular events or of cardiovascular mortality among glargine-treated individuals (70).

TYPES OF REGIMENS

General Principles
Type 1 Diabetes
Autoimmune beta cell destruction results in a progressive decline in insulin production in patients with type 1 diabetes who eventually require insulin for survival. Patients with type 1 diabetes generally require a replacement dose of 0.5-1.0 units per kg of body weight per day of insulin (71). Insulin therapy is often initiated at 0.5-0.75 units/kg/day (7). During the early stages of type 1 diabetes, patients commonly require less insulin because remaining beta cells still produce some insulin; during their “honeymoon period” insulin requirements can be in the range of 0.1-0.6 units per kg per day (71,72). Intensive insulin therapy (defined as  3 or more insulin injections daily or insulin pump therapy) is indicated for patients with type 1 diabetes to provide better glycemic control with less glucose variability than 1 or 2 daily injections, and reduce the development and progression of microvascular and macrovascular complications (47, 73, 74).

Type 2 Diabetes
The slowly progressive beta cell loss in patients with type 2 diabetes means many patients with type 2 diabetes will eventually require insulin therapy to attain adequate glycemic control. Initiation of basal insulin should be considered when a patient has not achieved target glucose levels despite 3 non-insulin hypoglycemic medications, or when glucose levels are very elevated (over 300 mg/dl or HbA1C >10-12%) (60). When patients become very symptomatic from hyperglycemia (polyuria and polydipsia) or have signs of catabolism (weight loss), then there is evidence of marked insulin deficiency, and initiation of both basal and bolus insulin therapy should be considered (60). Since type 2 diabetes is associated with insulin resistance, insulin requirements can exceed 1 unit/kg/day. When initiating insulin therapy in patients with type 2 diabetes, basal insulin is often used in combination with other non-insulin antihyperglycemic medications a patient is taking. An intermediate or long-acting insulin (e.g., NPH, insulin glargine, or insulin detemir) is added at bedtime, and the dose titrated to attain a target fasting glucose, usually 80-130 mg/dl (75). 
Basal insulin is effective at lowering HbA1c when added to oral hypoglycemic agents starting at a dose of 10 U daily or 0.2 U/kg. When used in patients uncontrolled on oral agents, basal insulin lowers HbA1c 1.2–1.5% (45, 62). In these treat-to-target studies, patients were instructed to titrate their basal insulin dosages up every 2–3 days by 1–4 units based on treatment target algorithms to achieve fasting plasma glucose (FPG) levels in the 70- to 126-mg/dl range. Those studies targeting a FPG < 108 mg/dl achieve modestly better success in achieving an HbA1c < 7% (63.2 vs. 52%) than those targeting a FPG of less than 126 mg/dl, with mildly higher rates of hypoglycemia (45, 62).
Alternatively, 70/30 insulin before dinner can be added in patients who have predominantly uncontrolled post-dinner hyperglycemia (76). Basal insulin, by suppressing hepatic glucose output during the night, will control the fasting blood glucose (FPG), while the other antihyperglycemic medications continue to control postprandial glucose levels throughout the day (77). A starting dose of 10 units of basal insulin is commonly utilized, though starting a dose of 0.1-0.2 units/kg will more rapidly attain the target fasting glucose level (78). In patients whose fasting glucose levels become well controlled with basal insulin, but whose glucose levels rise significantly high later in the day with a persistently elevated HbA1C, prandial insulin is indicated. At this point, the patient is experiencing beta-cell failure. If the patient is taking an insulin secretagogue (e.g., a sulfonylurea or meglitinide) it should be discontinued, as insulin will now be replaced exogenously. However, other agents not having a predominantly insulin-stimulating effect should be continued.

GOALS OF THERAPY

Before starting a patient on insulin, or adjusting their current insulin therapy, it is important to establish glycemic goals tailored to the patient. The American Diabetes Association currently recommends individualized glycemic goals. Those with a longer duration of diabetes, shorter life expectancy, presence of important comorbidities or established vascular complications, and at higher risk associated with hypoglycemia should have higher glycemic targets, with an A1C of < 8% reasonable for those with the least to gain from more intensive control and at highest risk for adverse outcomes from hypoglycemia : For the majority of patients who are otherwise healthy glycemic targets include (60): Preprandial plasma glucose 80-130 mg/dl; Postprandial plasma glucose <180 mg/dl; and A1C <7%. 
In the DCCT, retinopathy initially worsened during the first year in patients with type 1 diabetes who received intensive therapy (47). This was associated with rapid lowering of glucose levels. Thus in patients with proliferative retinopathy or those with underlying non-proliferative diabetic retinopathy and a high A1C (e.g, >10%), slower lowering of glucose is warranted. Another example of individualizing glycemic goals is a patient with hypoglycemic unawareness; glycemic goals should be less aggressive as glucose levels should not approach 80 mg/dl too closely (74).

REPLACEMENT STRATEGIES
 
Physiologic Insulin Replacement

A functioning pancreas releases insulin continuously, to supply a basal amount to suppress hepatic glucose output and prevent ketogenesis between meals and overnight, and also releases a bolus of insulin prandially to promote glucose utilization after eating (79). Replacing insulin in a manner that attempts to mimic physiologic insulin release is commonly referred to as basal/bolus insulin therapy. Physiologic replacement requires multiple daily injections (3 or more) or use of an insulin pump. Basal insulin requirements are approximately 50% of the total daily amount. Prandial insulin is 10-20% of the total daily insulin requirement at each meal depending on meal size (80). Providing basal-bolus insulin regimens allows patients to have flexibility in their mealtimes and achieve better glycemic control.

Non-Physiologic Insulin Replacement

When insulin is given once or twice daily, insulin levels do not mimic physiologic insulin release patterns. For people with type 2 diabetes, in whom bolus insulin replacement is not as critical, once or twice daily basal insulin injection regimens often work well with reasonable glycemic control achieved. The basal insulin dose in type 2 patients is adjusted to attain a fasting glucose level in the 80-130 mg/dl range. The patient’s other non-insulin anti-hyperglycemic agents then can better control daytime glucose levels.

EXAMPLES OF REGIMENS 

Once Daily Insulin Regimen (for patients with type 2 diabetes on oral agents)

NPH (Figure 5a), insulin glargine (Figure 5b), or insulin detemir are most often given at bedtime (however insulin glargine can be administered anytime of the day); or for patients who eat large amounts of carbohydrates at dinner, an insulin mixture, regular and NPH or a premixed insulin, can be given prior to dinner (Figure 5c).
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Figure 5a.
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Figure 5b.
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Figure 5c.	

Twice-daily Insulin Regimen (Split-Mixed and Pre-Mixed Regimens)

Two-thirds of the insulin dose is typically given in the morning before breakfast and one-third is given before dinner. Premixed insulins can be used or a mixture of a short-acting insulin (e.g., regular, insulin aspart/glulisine/lispro) and an intermediate-acting insulin (e.g., NPH) (Figure 6a) (80).

[image: ]
Figure 6a.

2/3 total daily dose at breakfast: given as 2/3 NPH and 1/3 Regular (or insulin aspart/glulisine/lispro)
1/3 total daily dose at dinner: divided in equal amounts of NPH and Regular (or insulin aspart/glulisine/lispro)

For patients who experience nocturnal hypoglycemia when NPH is administered at dinner with a short-acting insulin, moving the NPH dose to bedtime helps reduce the risk for nocturnal hypoglycemia (81). Conversely, NPH at dinner can result in fasting hyperglycemia due to dissipation of insulin activity and the early morning rise in counter-regulatory hormones cortisol and growth hormone (the dawn phenomenon). Moving the NPH dose to bedtime can help resolve this problem (82) (Figure 6b). An obvious limitation to using premixed insulin is reduced flexibility in dosing; if the dose is adjusted, both types of insulin in the mixture will be adjusted.
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Figure 6b.

Multiple Daily Insulin Injection Regimen: Basal plus Prandial Insulin

Many different types of regimens are possible with multiple daily injections. Regular, insulin aspart, glulisine and lispro are used to provide prandial insulin. NPH, insulin glargine, and insulin detemir are used to provide basal insulin.
Regular, insulin aspart/glulisine/lispro before meals and NPH, insulin glargine or insulin detemir at bedtime (hs) (Figure 7a, 7b).
Insulin aspart/glulisine/lispro before meals and NPH twice daily (breakfast and bedtime) (Figure 8).
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Figure 7a.
[image: ]
Figure 7b.
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Figure 8.

Insulin Pump Therapy

Insulin pump or continuous subcutaneous insulin infusion (CSII) therapy is another option for intensive insulin therapy using only rapid-acting insulin. Insulin pump therapy is indicated in patients with type 1 diabetes, and in those with markedly insulin-deficient type 2 diabetes (83). Patients initiated on insulin pump therapy need to have been trained in the components of intensive diabetes management or will not gain significant benefit from conversion to insulin pump therapy.  The components of intensive diabetes management include knowledge of carbohydrate counting, and adjustments in their insulin bolus dose based on the carbohydrate content of meals and snacks, the measured glucose level and the amount and duration of exercise. Insulin pumps are able to deliver insulin boluses in 1/10 unit increments, ideal for patients who are insulin sensitive. The basal insulin infusion can be delivered in 25/1000 unit increments and can be adjusted based on an individual patient’s needs. Basal rate requirements are typically higher in the early morning hours to counter the dawn rise in glucose levels, and lower in the afternoon when patients are more active and overnight when patients are at rest. Temporary basal rates can be programmed to be increased during times of inactivity or illness when insulin requirements are higher, and decreased when physically active and insulin requirements are reduced. 

The bolus calculator function of insulin pumps helps patients determine insulin bolus doses required for the carbohydrate content of foods and the measured glucose level. After a patient enters this information into the pump, a recommended bolus dose is displayed by the pump based on the patient’s insulin-to-carb ratio and insulin sensitivity factor. This function is especially helpful when a patient needs to determine the amount of supplemental insulin required to correct a high postprandial glucose level. The pump takes into account the active insulin remaining from the pre-meal bolus (insulin-on-board), and recommends a reduced corrective supplemental insulin dose, thereby preventing insulin stacking and hypoglycemia. 

Potential benefits of insulin pumps include less weight gain, less hypoglycemia, and lowering of hemoglobin A1c levels when compared to multiple daily injections (84-87). The addition of continuous glucose monitoring to patients on insulin pumps has been shown to further improve glycemic control, and reduce the frequency of symptomatic and severe hypoglycemia. Insulin pumps are now available with a threshold suspend function which will discontinue the basal insulin infusion for a period of 2 hours when the monitor detects a low glucose level that is untreated. This prevents a further decline in glucose levels. 

Timing of Prandial Insulin Injections

The onset of action of regular insulin is approximately 30 minutes; while insulin aspart/glulisine/lispro can be detected systemically within 15 minutes after a subcutaneous bolus is given. The timing of the pre-meal insulin bolus can be reduced when the measured glucose level is low and lengthened when hyperglycemia is present before eating.  To best match the insulin action with the glycemic effect of meals, Regular insulin is optimally given 30 minutes before the meal and the rapid-acting insulins 15-20 minutes before the meal. Insulin pumps and multi-dose insulin injection regimens using basal analog insulin combined with a rapid-acting insulins provide patients with the greatest flexibility of varying the time of meals without sacrificing an increased risk of hypoglycemia, when compared with NPH-based insulin regimens.
  
ADJUSTMENTS 

Insulin doses should be adjusted to achieve glycemic targets. Typically a 10-20% increase or decrease in an insulin dose is appropriate, based on the degree of hyper- or hypoglycemia, and the insulin sensitivity of the patient. Hypoglycemia that is frequent or severe should prompt an immediate reduction in the responsible insulin dose. Increases to insulin doses should be based on the occurrence of consistently high glucose levels at a particular time of day, rather than periodic glucose elevations that are more likely diet-mediated.

Adjustment of Intermediate to Long-Acting Insulin

When a dose of intermediate or long-acting insulin is adjusted, it is recommended to wait at least 2-5 days before further changes in the dose to assess the response (80).

Adjustment of Once-Daily Evening Insulin

Basal insulin can be started either using 10 units or 0.1-0.2 units/kg body weight at bedtime. The FPG is used to adjust the intermediate (NPH) to long-acting insulin (glargine or detemir) given in the evening. Algorithms provided to patients to adjust their basal insulin dose based on fasting glucose levels have been shown to improve glycemic control (88). The algorithm should target the fasting glucose range of 80-130 mg/dl (60).

Titrate to fasting glucose of < 130 (2 units) and > 180 (4units) mg/dl
An example of a forced titration schedule is show below (Table 4):

Table 4. Forced titration algorithm
	Fasting Glucose 
the past 3 Days
	Increase in Basal Insulin (units)

	80-130
	0

	130-159
	2

	160-189
	4

	190-220
	6

	Over 220
	8

	Decrease dose by 2-4 units for any glucose level < 80



Lower dose adjustments are used for more insulin sensitive patients (usually type 1 patients) and higher doses for more insulin resistant patients (usually those with type 2 diabetes). Commonly used algorithms in type 2 patients adjust the insulin dose by 2-4 units if fasting glucose levels are consistently above the target upper range (89).


Supplemental Insulin for Correction of Hyperglycemia

Regular insulin, or the rapid-acting insulins aspart/glulisine and lispro can be used to correct high glucose levels (90). In type 2 patients, 1-2 units of insulin will lower the blood glucose by 30-50 mg/dl. A commonly used correction insulin regimen which targets a glucose of 100 mg/dl pre-meal and 150 mg/dl at bedtime is shown below (Table 5).

Table 5. Basal insulin Forced Titration Algorithm:
	Time
	Breakfast
	Lunch
	Dinner
	Bedtime

	Blood Glucose
	Extra units of  Short or Rapid-acting insulin
	Extra units of  Short or Rapid-acting insulin
	Extra units of  Short or Rapid-acting insulin
	Extra units of  Short or Rapid-acting insulin

	80-150
	0
	0
	0
	0

	151-200
	2
	2
	2
	0

	201-250
	4
	4
	4
	2

	251-300
	6
	6
	6
	4

	301-350
	8
	8
	8
	6

	351-400
	10
	10
	10
	8

	Over 400
	12
	12
	12
	10



The rule of 1800 can be used to approximate the amount that 1 unit of supplemental insulin will lower the glucose, also termed the insulin sensitivity factor (ISF), using the total daily dose (TDD) of insulin:

Calculation of the insulin sensitivity factor (ISF):
ISF= 1800/TDD  

An individual using 60 units of insulin each day would have a calculated ISF of 1:30, and would use 1 unit of supplemental insulin for every 30 mg/dl the glucose is above the glucose target (usually 100 mg/dl before meals) as a starting supplemental dose (91).
For example, if this person’s pre-meal glucose was 280 mg/dl, 6 units of supplemental insulin would be added to their usual dose of pre-meal insulin. 

Carbohydrate Counting

In patients on set dose of prandial insulin, post meal glucose variability can be controlled by having patients keep the carbohydrate content of the meal similar at mealtimes from day to day. A more sophisticated type of prandial insulin regimen is one in which a patient doses their prandial insulin based on the number of carbohydrates eaten at the meal. By learning how to count carbohydrates, and dosing their insulin accordingly, patients are afforded flexibility in the carbohydrate content of their meals. The rule of 500 can be used to approximate the amount of carbohydrates covered by 1 unit of prandial insulin, termed the insulin to carbohydrate ratio (ICR), using the total daily dose (TDD) of insulin: 

Calculation of the insulin to carbohydrate ratio (ICR):
ICR= 500/TDD

For example, for a patient using 60 units of insulin per day, the ICR would be 500/60 or approximately 1:8, or 1 unit for each 8 grams of carbohydrate in the meal or snack.

This ratio is adjusted based on post meal glucose levels and may be different for each meal. The ICR is adjusted to attain post meal glucose levels in the target range (usually 100-180 mg/dl). The ICR can also be used for snacks (92). Carbohydrate counting can be challenging for some patients. These patients may be more comfortable learning carbohydrate exchanges of food containing15 grams of carbohydrate (ie, 1 slice of bread). The prandial insulin dose is then based on the estimated number of carbohydrate exchanges in a meal. Education in medical nutrition therapy is critical for patients on insulin.

A comprehensive diabetes education class that teaches self-management skills, such as how to dose prandial insulin by matching it to the amount of carbohydrate intake is an excellent resource to facilitate patients in adopting an intensive insulin therapy regimen (93).

Adjustments for Exercise

Exercise improves insulin sensitivity. Thus, when a patient exercises, it is often necessary to decrease the insulin dose (and/or increase caloric intake) to prevent hypoglycemia. For morning exercise, the pre-breakfast insulin dose should be reduced (by about 25%) depending on the duration and intensity of the exercise). For late-morning/early-afternoon and evening exercise, the pre-lunch and pre-dinner insulin dose should be reduced respectively (79). The effect of exercise on insulin sensitivity can last for many hours; so more than 1 insulin dose may need to be adjusted. After more prolonged exercise, the bedtime long acting insulin dose may need to be reduced should there be a pronounced fall in overnight glucose levels.

SELF-MONITORING OF BLOOD GLUCOSE

Self-monitoring of blood glucose (SMBG) allows patients and physicians to recognize glucose trends to guide insulin dosage adjustments. In those using short or rapid-acting inulin, SMBG also provides a patient with the information needed to give an accurate supplemental insulin dose to return a high glucose level back to the target glucose range. Studies in patients with type 1 diabetes have shown a progressive reduction in hemoglobin A1C levels with more frequent glucose monitoring (94).The ADA currently recommends that people with type 1 diabetes SMBG at least 3 times daily and those with type 2 diabetes at least daily (60). Most glucose meters are now plasma-referenced, correlating better to the ADA’s glycemic goals. Plasma glucose concentrations are approximately 10-15% higher than whole blood glucose concentrations (95).

SICK DAY GUIDELINES

A common misconception among patients is that if they are sick enough that they don’t eat or vomit, they should hold off on taking their anti-hyperglycemic medications, insulin included. Patients who are ill should be instructed to continue their basal insulin therapy, maintain fluid intake, eat smaller meals as tolerated, and test their glucose levels every 1-4 hours (ketones as well for people with type 1 diabetes when glucose levels are over 200 mg/dl). Supplemental insulin doses to correct hyperglycemia can be given up to every 4 hours as needed for persistent hyperglycemia, or more often when the insulin on board from is taken into account. For patients using the bolus calculator function of their insulin pump, the recommend bolus dose to correct an elevated glucose level automatically takes into account the insulin still active (insulin on board) from prior insulin boluses. If the glucose is >240 mg/dl with moderate to large ketonuria, patients should contact their provider immediately, or proceed to an emergency room for treatment of ketoacidosis using intravenous fluids and insulin (80).
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