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Abstract

The patient, often a “repeat offender” who
stops taking insulin, presents with increasing
urination and thirst along with nausea,
vomiting, abdominal pain, dehydration, weak-
ness, and dizziness. The patient may become
confused and slip into coma. The respiratory
compensation that accompanies acidemia
causes deep rapid (Kussmaul) breathing. The
sweet smell of the volatile ketone body acetone
signals the possibility of ketoacidosis. The
treating physician seeks to reestablish normal
physiology and restore the patient to normal
function. Thankfully, treatment is remarkably
straightforward and involves intravenous fluid,
insulin, potassium, and vigilance.
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Diabetic Ketoacidosis: Clinical
Presentation

A typical patient with diabetic ketoacidosis
(DKA) becomes severely ill over one to several
days and represents a medical emergency.

The patient presents with increasing urination and
thirst along with nausea, vomiting, abdominal pain,
dehydration, weakness, and dizziness. The patient
may become confused and slip into coma. The respi-
ratory compensation that accompanies acidemia
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causes deep rapid (Kussmaul) breathing. The sweet
smell of the volatile ketone body acetone signals the
possibility of ketoacidosis. In an analysis of three
multinational type 1 diabetes registries, factors that
are associated with an increased risk for DKA
include female gender, country-specific ethnic
minorities, and elevated HbA1C [1].

Diabetes is a heterogeneous disease [2], and
patients with DKA reflect this heterogeneity
[3]. While commonly considered a condition asso-
ciated with type 1 diabetes, patients with type
2 diabetes can also develop DKA and, in some
cases, initially present to medical attention with
DKA [4-6, 99]. The majority of patients with
DKA have type 1 diabetes. Consistent with this
type 1 predominance, patients are likely to be
young, slender, Caucasian (type 1 diabetes is 2—7
times more common in whites than blacks [7]), and
lack a family history of diabetes.

In youth with type 1 diabetes, the prevalence of
DKA at the diagnosis of diabetes has remained
relatively stable at 31% over the last decade in the
United States. However, among youth with type
2 diabetes, the prevalence of DKA at diagnosis has
declined in the last decade [8]. Younger age, ethnic
minority, lack of health insurance, lower body mass
index, preceding infection, and delayed treatment
confer an increased risk for the presence of DKA at
the time of diagnosis in children and young adults.
On the other hand, having a first-degree relative with
type 1 diabetes at the time of diagnosis, higher
parental education and higher background incidence
of type 1 diabetes are protective factors [9].

Definition

Diabetic ketoacidosis (DKA) is a state of meta-
bolic decompensation in which insulin defi-
ciency (relative or absolute) causes both
hyperglycemia and excess production of
ketoacids, resulting in metabolic acidosis [10].

DKA is the first manifestation of diabetes in a
minority of patients and more often occurs in
patients with known diabetes taking insufficient
insulin. Patients may run out of insulin or not
accept the necessity for insulin. Adolescents
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sometimes discontinue insulin as an act of rebel-
lion. Il patients, who are not eating well, may
reduce or omit insulin doses, not realizing that
stress, which is accompanied by elevation of
“counterregulatory” hormones, may have higher
insulin requirements.

No absolute numbers separate uncontrolled
diabetes from DKA, although there is general
agreement on the definition: a glucose level
>250 mg/dL (13.9 mmol/L), acidemia reflected
by a pH lower than 7.30, a serum bicarbonate less
than 18 mEq/L, a positive test for serum ketones,
and an increase in the anion gap [11]. Reasons for
exceptions to this definition are discussed below.

The Differential Diagnosis

While considering the diagnosis of DKA, it is
important to recognize that many other diseases
can manifest the individual components of DKA:
ketosis, hyperglycemia, and an anion gap meta-
bolic acidosis. Alcohol intake and starvation can
result in ketosis. Uncontrolled diabetes mellitus
(both type 1 and type 2), infection, and physio-
logic stress can result in hyperglycemia. And
lastly, a wide number of disease states can result
in a metabolic acidosis with an anion gap [12].
The most severe scenario for patients with DKA
is the diabetic coma. Stupor and coma have many
potential causes (Table 1). Alcoholic intoxication
causing coma can be assessed by a history of alco-
hol intake and blood alcohol levels. Decreased level
of consciousness without focal findings suggests
encephalopathy (unilateral weakness could suggest
a stroke). Furthermore, the patient may have taken

Table 1 Differential diagnosis of diabetic coma

A-E-1-0-U TIPSI
Alcohol Trauma
Encephalopathy Infection
Infectious Meningitis
Neurologic Sepsis
Insulin Psychosis
Hypoglycemia, DKA, hyperosmolar, Seizure
alcoholic ketoacidosis
Overdose, opiates Postictal
state

Uremia
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an overdose; thus, a toxicology “screen” is helpful
to exclude drugs that can cause coma and acidosis.
Renal failure with uremic encephalopathy can be
detected with blood urea nitrogen (BUN) and cre-
atinine measurements. Evidence of trauma should
be sought. Fever and confusion may indicate central
nervous system infection. A history of emotional
instability may suggest psychosis or a patient who
is feigning illness. Witnesses can be questioned
about seizure activity, which is often followed by
a decreased level of alertness. The mnemonic given
in Table 1 is not comprehensive; for example, the
electrocardiogram may show a cardiac arrhythmia
or a myocardial infarction that can cause a drop in
blood pressure and change in mental status. While
reviewing the differential diagnosis, the physician
simultaneously obtains the finger stick (capillary)
glucose measurement to exclude hypoglycemia
(low blood sugar) or hyperglycemia as a cause of
coma. An elevated glucose supports a diagnosis of
diabetic ~ ketoacidosis  or  hyperglycemic
hyperosmolar coma.

Pathophysiology

The fed state is an insulin-sufficient state. Insu-
lin affects the internal machinery of cells in the
liver, fat (adipose tissue), and muscles to pro-
mote energy production and storage.

Cellular work requires massive amounts of
energy. Intermediary metabolism (named for the
intermediate compounds that are generated prior
to the final metabolic products), largely through
the production of ATP (adenosine triphosphate),
provides this energy and the energy for synthesiz-
ing macromolecules [13—16].

Glucose, the major cellular nutrient, is
transported into cells where it is metabolized in
the glycolytic pathway. Enzymes in this pathway
are regulated by insulin (whose action is antago-
nized by glucagon). At the end of this pathway,
the three-carbon glucose metabolite pyruvate is
further broken down into small molecules that
are used to produce complex cellular components
or can be converted into chemical energy (the
nucleotide ATP) when transported into the energy
generator of the cell (the mitochondria).
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When insulin levels are adequate, energy is
stored in small quantities as glycogen for
immediate use or in large quantities as triglyc-
erides for long-term use.

Inside the hepatocyte, glucose molecules can
be linked in a tightly packed branching structure
to form glycogen, the polysaccharide that stores
glucose. Alternatively, the two-carbon compound
acetyl coenzyme A (acetyl-CoA), which is formed
from glucose breakdown, can be used to manu-
facture larger molecules, including fatty acids for
energy storage in a large fat depot (adipose tissue).
Insulin acts to stimulate and maintain these stor-
age processes.

In DKA, insulin action is inadequate to pro-
mote glucose entry into cells. The decreased
flux of glucose into cells simulates fasting.

With the fall in intracellular glucose, interme-
diary metabolism of carbohydrates and lipids
shifts away from glucose breakdown and storage
to an exaggerated imitation of the fasting state.
Metabolism shifts away from the utilization of
glucose toward gluconeogenesis, which is the
production of glucose from pyruvate (Fig. 1). Pre-
cursors for gluconeogenesis are obtained from fat,
which is melted down into fatty acids and glyc-
erol, and from proteins following breakdown into
constituent amino acids. Glycerol, amino acids
(particularly alanine), and lactate (derived from
red cell metabolism) are converted into glucose.

The counterregulatory hormones glucagon
and epinephrine, along with growth hormone
and cortisol, stimulated by fasting and by
stress, antagonize the effects of insulin.

Counterregulatory hormones antagonize the
glucose-lowering action of insulin and act to
raise the blood glucose level. Glucagon, a potent
counterregulatory hormone inhibited by insulin, is
secreted from pancreatic alpha cells when cells
perceive low glucose. In diabetes, pancreatic insu-
lin levels are reduced and glucagon is chronically
elevated. In DKA, in addition to low insulin action,
there is the cellular perception of low glucose,
which further stimulates glucagon secretion. The
excessive glucagon levels of DKA dominate
hepatic metabolism, promoting breakdown of gly-
cogen to glucose, stimulating gluconeogenesis,
inhibiting fatty acid synthesis, and directing
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Fig. 1 The formation of Glucose
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2 Pyruvate is not available
for conversion into
oxaloacetate. 3 Without
oxaloacetate, acetyl-CoA
cannot enter the TCA cycle.
4 Free fatty acids, converted
into acetyl-CoA, are
therefore diverted to
mitochondrial ketone body
formation
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Fig. 2 Glucagon plays a central role in DKA. Glucagon
stimulates glucose production through gluconeogenesis
and glycogen breakdown. Lipogenesis is inhibited by glu-
cagon. Free fatty acids derived from lipolysis in fat cells are

long-chain fatty acids into the mitochondria where
they are dedicated to ketoacid formation (Fig. 2).
Catecholamines, acting on f-adrenergic recep-
tors, are the most potent stimulators of lipolysis
(breakdown of adipose tissue triglycerides with
release of free fatty acids and glycerol) and also
inhibits glucose uptake in adipocytes [17]. Growth
hormone also stimulates lipolysis and liberates free
fatty acids [18]. Cortisol contributes to elevations of
blood glucose by increasing lipolysis in certain fat
depots, increasing the transcription of genes that
increase protein catabolism (providing precursors
for gluconeogenesis), and upregulating the expres-
sion of the rate-limiting enzyme for gluconeogenesis,

Glucose Production

Ketone
Bodies

Free
Fatty Acids

Ketoacid
Production

Catecholamines

@ Stimulated by glucagon
© Inhibited by glucagon

transported into the mitochondria. Acetyl-CoA from fatty
acid breakdown is diverted to ketoacid production

phosphoenolpyruvate  carboxykinase (PEPCK)
[19]. Glucagon and epinephrine both activate glyco-
gen phosphorylase, which catalyzes
glycogenolysis [20].

The Central Role of Free Fatty Acids
(FFAs) in DKA

Free fatty acids leave the fat cell and are
transported to the liver.

Without fatty acids there cannot be any
ketoacids; without ketoacids there is no diabetic
ketoacidosis [21]. Under the influence of insulin,
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Fig. 3 Malonyl-CoA plays
a pivotal role in the
regulation of ketogenesis.
In DKA, the high glucagon
and the Jow insulin decrease
malonyl-CoA production
from acetyl-CoA. /. The fall
in malonyl-CoA releases
the inhibition of the
transport protein (CPT1)
that shuttles long-chain
fatty acids into the
mitochondria. 2. Increased
long-chain fatty acids are
thus available for ketone
body formation

Dietary
Carbohydrates = Acetyl COA =———| Malonyl CoA

%,

free fatty acids are transported to and imprisoned
inside a fat cell (adipocyte) bound as three chains to
a glycerol molecule (triglyceride). The catechol-
amines are ready to “spring” FFAs out of “jail,”
but they are unable to do so while there is adequate
insulin. During starvation, when insulin levels
drop, lipids stored in adipose tissue as triglycerides
are released from the fat cell as the hydrocarbon
long-chain fatty acids. These fatty acids are
transported to the liver bound to albumin. From
the viewpoint of the FFA, the scene in the liver is
chaotic. The liver does not have adequate insulin
levels. Glycolysis, the most ancient metabolic
pathway, is at a standstill. FFAs further inhibit
insulin action and stimulate gluconeogenesis and
hepatic production of lipoproteins, contributing to
hyperglycemia and to the marked elevation of tri-
glycerides seen in some patients. Under fasting
conditions with adequate insulin present, this pro-
cess (coupled with the release of glycerol) provides
sufficient calories to serve as the glucose and
energy “grocery store.” In DKA, this process
leads to uncontrolled glucose elevations.

Malonyl coenzyme A (CoA) levels control
free fatty acid transport into the mitochondria,
thereby acting as the key control of the rate of
hepatic ketoacid production.

Malonyl-CoA is a precursor molecule whose
levels rise during the insulin-stimulated process of
triglyceride synthesis in the cytoplasm. Malonyl-
CoA then inhibits the transport of fatty acids into

T Glucagon
1 Insulin
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mitochondria, by inhibiting the fatty acid trans-
porter carnitine palmitoyltransferase 1 (CPT1).
During DKA, since insulin levels fall, malonyl-
CoA levels decline, permitting a rise in fatty acid
transport into mitochondria (Fig. 3).

The fate of free fatty acids in the hepatic
mitochondria is determined by the activity of
the glycolytic pathway, because pyruvate is
required for FFA derivatives to enter the
TCA cycle (Fig. 1).

Pyruvate formed during glycolysis is the
glucose-derived metabolite that enters the TCA
(tricarboxylic acid, also called the Krebs or citric
acid) cycle. This pathway is oxygen requiring (oxi-
dative) and generates large amounts of ATP. In
DKA, pyruvate is diverted to gluconeogenesis,
less is available to enter the TCA cycle, and the
rate of oxidative metabolism of glucose declines.
In addition, the fall in pyruvate alters fat metabo-
lism in the liver. Under normal conditions of
energy generation, fatty acid metabolites can
enter the TCA cycle in a process that requires
pyruvate. Since pyruvate is necessary for fat to
enter the TCA pathway, it is said that fat burns in
the flame of carbohydrate. In DKA, this energy-
generating “flame” is extinguished (Fig. 1).

Some pyruvate is converted to lactate in a pro-
cess that restores cytoplasmic NAD" (nicotinamide
adenine dinucleotide), necessary for minimal cel-
lular metabolism. This can cause a lactic acidosis
superimposed on top of ketoacidosis [22] (Fig. 4).
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Fig. 4 Lactate formed
from pyruvate can
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When fatty acids cannot enter the TCA
cycle in hepatic mitochondria, they are
diverted to ketone body (ketoacid) formation.

Fatty acids are broken down in the mitochon-
drial matrix into the two-carbon compound
acetyl-CoA. Unable to enter the TCA cycle during
intracellular glucose privation, acetyl-CoA in
hepatic mitochondria is diverted to the production
of the ketoacids p-hydroxybutyrate and
acetoacetate [23].

The “redox” (reduction—oxidation) status of
the mitochondria, set by the NADH/NAD +
ratio, determines the predominant species of
ketoacid.

Coenzymes cooperate with enzymes to cata-
lyze reactions. In these reactions, the coenzymes
are reversibly altered and can be cycled back and
forth between two forms, creating a “pair.” The
coenzyme pair NAD" and NADH functions to
carry electrons in oxidation—reduction reactions.
An increased NADH/NAD" ratio develops in
DKA during p-oxidation of fatty acids and also
in states of low tissue oxygenation (such as those
that occur if the patient has severe fluid loss and is
hypotensive from dehydration or sepsis). NADH
drives the conversion of the ketoacid acetoacetate
to pf-hydroxybutyrate. As will be discussed later,
laboratories use the nitroprusside reaction, which
does not measure B-hydroxybutyrate, to test for
ketones. When f-hydroxybutyrate is the major
ketoacid, a misleadingly low nitroprusside test
can sway the unsuspecting physician away from
the correct diagnosis.

Since glucose is not available in DKA, alter-
native energy-releasing compounds must be
utilized. The ketoacids function as an alternate
fuel.

Tissues are not able to utilize glucose because of
inadequate insulin action. Without insulin
(or without enough insulin), cells are left without
nutrients. The ketone bodies, or ketoacids, do not
require insulin for uptake into cells. If glucose is the
electric power that drives the body, ketone bodies
are the batteries of the brain and the heart. When the
electricity fails, hepatic mitochondria produce and
export this alternate power. In the heart, skeletal
muscle, brain, and kidney, ketone bodies can be
converted back to acetyl-CoA, which enters the
TCA cycle and provides metabolic energy through
generation of ATP [24] (Fig. 5).

Assessment of a Patient with DKA

Among the long list of potential precipitating
factors for DKA are serious conditions that
require diagnosis and specific treatment.
Although diabetic ketoacidosis often occurs in
patients who run out of insulin or stop taking
insulin [25, 26], there is frequently an inciting
event that must be discovered. The physician’s
challenge is to find what went wrong, reverse the
process, return the patient to health, and prevent
the next episode. In considering the possibilities,
it is important to remember that common things
occur commonly. The patient may have stopped
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Fig. 5 Ketone bodies
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taking insulin or the pancreas may have gradually
lost insulin secretory capacity. Counterregulatory
mechanisms may be activated during any stress
and may render antecedent insulin levels insuffi-
cient. Particular attention must be given to infec-
tions (with elevations of the counterregulatory
hormones cortisol and catecholamines), stroke or
heart attacks (extremely high epinephrine produc-
tion), or pregnancy (placental lactogen or corti-
sol). Dehydration during gastrointestinal illness
accompanied by vomiting or diarrhea may hasten
the development of DKA. An alcohol binge may
cause rapid decompensation in the patient with
limited insulin reserve.

Very unusual causes of counterregulatory hor-
mone elevation precipitating DKA are growth hor-
mone elevations from acromegaly, glucocorticoid
excess in Cushing’s syndrome, and glucagon in the
rare glucagonoma syndrome. Obscure causes of
DKA, such as changing to more active pancreatic
enzymes to treat chronic pancreatitis with increased
absorption of nutrients or somatostatin inhibition of
insulin secretion in a somatostatinoma, have been
described. In teenagers, eating disorders are a con-
sideration, especially in recurrent DKA. Antipsy-
chotic drugs clozapine and olanzapine are also
reported to cause DKA [27, 28]. An unusual fulmi-
nant nonimmune form of type 1 diabetes can pre-
sent with a rapid onset [29]. Rare cases of DKA
have occurred following pancreatic destruction by a
virus [30, 31].

B-hydroxybutyrate In Heart Muscle:

J
NAD+ ’ \

Aremcer )

..

Infection is the most common precipitating
cause of diabetic ketoacidosis; sites that hide
infections should be examined carefully.

Patients with both type 1 and type 2 diabetes
are at an increased risk for infections and hospi-
talizations due to infections [32, 33]. Elevated
glucose levels impair the ability to fight infection,
[34] potentially leading to aggressive tissue
destruction. Thus, it is critical to control the
blood glucose and to discover and treat infections.
The physician must be particularly suspicious in
patients who are more likely to harbor infections.
Hidden sites of infection include the teeth,
sinuses, gallbladder, abscesses in the perirectal
area, and pelvis (in women) and must be exam-
ined and reexamined. The nose should be care-
fully inspected for eschar (black necrotic tissue),
which might indicate the fungus mucormycosis,
classically but rarely seen in DKA.

Measurements, tests, and calculations are used
to determine the severity of acidosis, magnitude of
ketonemia, and fluid and electrolyte balance.

In order to treat DKA, the physician must mea-
sure the degree of acidosis (pH), the ability of the
patient to compensate by lowering pCO,, the ele-
vation of the blood glucose level, and the serum
potassium (K"). Initially, an arterial sample is taken
for measuring the pH, pO,, and pCO, in order to
know if the patient has low oxygenation (hypox-
emia), a primary respiratory acidosis (indicating
pulmonary disease or central hypoventilation), or
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Table 2 Measurements useful in assessing a patient
with DKA

Corrected serum [Na"] = measured serum [Na'] + 2 *
(glucose in mg/dL — 100)/100 [35, 36]

The anion gap = [Na'] - ([CI"] + [HCO;™])

The normal anion gap = 8-12

In pure metabolic acidosis the last two digits of the

pH = pCO,

For example, if the pH = 7.32, the pCO, should be 32
In pure metabolic acidosis the blood gas pCO, = (serum
HCO;™ *1.5) + 8

The calculated effective serum osmolality = 2

(Na” + K*) + (glucose in mg/dL/18)

Normal total body water (TBW) = lean body mass in kg
* 60%

Current TBW = (normal serum osmolality * normal
TBW)/current osmolality

Water deficit = normal TBW — current TBW

a primary respiratory alkalosis (suggestive of sep-
sis). After the baseline arterial measurement, the
calculated anion gap from chemistries (using mea-
sured —not corrected — serum sodium, chloride, and
bicarbonate) and the venous pH can be used to
evaluate the acid—base status (Table 2) [37]. To
document or follow ketoacid production, serum
ketones are typically measured. They are cleared
rapidly and may be detected with greater sensitivity
in urine, even when low or absent in the serum.
Although it is the dominant “ketoacid” in DKA with
a ratio as high as 20:1 compared to acetoacetate,
B-hydroxybutyrate is not measured in the
nitroprusside  test for ketoacids because
B-hydroxybutyrate is really an acid-alcohol. In the
“redox” environment of DKA, an excess ratio of
B-hydroxybutyrate to acetoacetate may result in
spuriously low ketone body measurements. The
astute clinician knows that DK A may occur without
a markedly elevated nitroprusside reaction and is
guided by the clinical presentation, pH, anion gap,
and bicarbonate level [38].

Treatment of Diabetic Ketoacidosis
Introduction
The treating physician seeks to reestablish normal

physiology and restore the patient to normal func-
tion. Treatment is remarkably straightforward and
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involves intravenous fluid, insulin, potassium,
and vigilance.

The osmotic diuresis of hyperglycemia
causes dehydration, which exacerbates the
metabolic acidosis [15]. The severity of dehy-
dration determines initial rates of fluid
administration.

In the hypotensive patient, fluid resuscitation
takes precedence over other concerns. A fluid
“challenge” is performed with isotonic fluid
given in short blocks of time (in adults, at a rate
of 10-30 mL/min checking the patient every
10 min; in children, at a rate of 10-20 mL/kg
over 30 min to 2 h [39, 40]). If intravascular
fluid depletion is the cause of hypotension, the
blood pressure responds rapidly. Failure to
respond to a fluid challenge within 30 min sug-
gests another cause for low blood pressure such as
cardiac pump failure or peripheral vasodilatation
in sepsis. In adults with severe dehydration, initial
fluid rates of 1-2 L/h may be required. If the
patient is not hypotensive, or once blood pressure
is restored, a more balanced approach to fluid
administration using 250-500 mL/h is desirable.
These slower rates of administration avoid fluid
overload with potential for pulmonary edema and
hypoxemia or diuresis of potassium with resultant
hypokalemia [41]. Hydration per se decreases
counterregulatory hormone levels, enhances
renal perfusion, and establishes a glucose diuresis,
lowering the blood sugar toward the renal thresh-
old of 180 mg/dL [42]. It is customary to choose
isotonic fluid in the hypotensive, dehydrated
patient; half-normal saline as the patient recovers;
and dextrose-containing fluid as the blood glucose
drops below 200-250 mg/dL. Fluids containing
5% or even 10% dextrose prevent the hypoglyce-
mia that would otherwise occur with continued
administration of insulin essential to restrain keto-
genesis and prevent recurrence of acidosis. Dex-
trose containing fluids are frequently required as
the duration to resolve hyperglycemia is typically
shorter than the resolution of ketoacidosis. Hemo-
dynamic monitoring, urine output, laboratory
values, and clinical judgment can be used to
assess the efficacy of fluid treatment in DKA.

Medical situations requiring special fluid
adjustments include myocardial infarction,
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congestive heart failure, and acute or chronic renal
failure. These situations require individualized
fluid management following initial volume
resuscitation [43].

Fluid administration should be slower in
pediatric patients than adults [39, 44].

In children, the physician must be concerned
about cerebral edema, which occurs in 0.5-1% of
DKA episodes in children [45] and associated
with a high mortality rate [46, 47]. The precise
mechanism of cerebral edema is unknown. The
prevailing assumption that cerebral edema is a
result of organic osmoles, which accumulate in
the brain to balance the cellular dehydrating effect
of the hyperosmolar extracellular fluid, causing
excess fluid movement into cells with hydration,
is unproven [45]. Alternatively, there is sugges-
tion that cerebral edema is a result of ischemia and
subsequent reperfusion injury [48]. The risk fac-
tors identified for cerebral edema are more severe
acidemia (lower pCQ,), greater dehydration
(higher blood urea nitrogen), and the use of bicar-
bonate [49]. The ketone bodies themselves may
increase  brain  microvascular  permeability
[50]. Even though the role of rapid fluid adminis-
tration (greater than 50 mL/kg during the first 4 h
of therapy) in causing brain herniation [51] is
debated, fluid overload is to be avoided.

Insulin is administered by continuous intra-
venous infusion using regular insulin or a rapid
acting insulin analog [52, 53].

Insulin doses are adjusted against two parame-
ters — restoring near-normal blood glucose and
reversing ketoacidosis. A loading bolus of 0.1
units/kg regular insulin is commonly adminis-
tered intravenously while simultaneously begin-
ning continuous infusion at 0.1 units/kg/h.
Alternatively, using a no initial bolus but a starting
infusion rate of 0.14 units/kg has been found to be
equally effective in treatment [54, 55]. The glu-
cose should fall by 50-75 mg/dL each hour. If the
glucose does not fall as expected, the insulin infu-
sion rate should be increased. Since prevention of
ketoacidosis requires less insulin action than pre-
vention of hyperglycemia, it is a paradox in the
therapy of DKA that it is more difficult to stop
ketone body generation than to lower serum glu-
cose. Therefore, it is essential that the physician
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maintains constant insulin infusion, if only at
physiologic levels of 0.5-1 unit/h, to restrain
lipolysis (release of FFA from adipose tissue).
The continued administration of insulin without
causing hypoglycemia often requires concomitant
administration of glucose-containing infusions
(usually 5% or, if necessary, 10%), which should
be started when the serum glucose has fallen to
200 mg/dL (11 mmol/L). Conversely, should the
glucose fall at a rate greater than 75 mg/dL an
hour, the insulin infusion rate should be decreased
to avoid hypoglycemia. The importance of hourly
glucose monitoring cannot be emphasized more
while a patient is receiving intravenous insulin.

The use of subcutaneous insulin protocols in
the treatment of mild DKA has been studied in
small randomized trials with no significant differ-
ences found in resolution of DKA, insulin
required for treatment, or length of stay. It has
been proposed that this may offer a reasonable
treatment alternative for mild DKA; however,
this has not been recommended by any profes-
sional society for general use [56].

Potassium repletion is necessary because K*
is lost during the osmotic diuresis of DKA as
the K salt of ketoacids.

The serum potassium level reflects both total
body stores and the distribution between the intra-
cellular (98% of total body K") and extracellular
spaces. The osmotic diuresis of DKA causes huge
urinary K" losses. Yet, the serum K can be low,
normal, or high at the time of presentation. Redis-
tribution of K" out of the intracellular compart-
ment and into the intravascular space causes a
normal or high serum K" in the face of total
body depletion.

Physiologic insulin levels drive K™ into cells
[57]. With the decreased insulin action of DKA,
potassium moves out of cells into the serum. This
redistribution may raise serum K". Further eleva-
tion of serum K" may occur because of redistribu-
tion related to acidosis (K" moving out of cells in
exchange for H" moving in). Insulin administration
during treatment moves potassium back into the
cells, halts the generation of ketoacids, and reverses
acidosis. Dangerous degrees of hypokalemia may
then occur and are postulated to be the cause of the
30-50% DKA mortality in the 1950s [58]. The
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Fig. 6 The
electrocardiogram in
hyperkalemia progressively
shows tall-peaked T waves
followed by low-amplitude
“P” wave (not even
discernible in this example)
and widening of the QRS

treating physician must anticipate and prevent this
hypokalemia. Typically, 20-40 mEq K" is admin-
istered with each liter of fluid. If the fluid is admin-
istered more rapidly, the patient will
(appropriately) receive more K per unit time. In
the event of severe hypokalemia at the initial pre-
sentation of DKA, potassium repletion with fluid
resuscitation should be initiated prior to insulin
therapy. Conversely, two caveats against K"
administration are renal impairment, which pre-
vents normal excretion of excess K', and danger-
ous hyperkalemia at the time of presentation. The
physician may administer potassium as soon as
urine flow is established. In addition, the physician
must order an electrocardiogram (EKG) on presen-
tation. If signs of hyperkalemia are present (tall-
peaked T waves, followed by low-amplitude P
wave and widening QRS complex) (Fig. 6), no
potassium is given until the “stat” K" levels are
back from the laboratory. In the absence of signs of
hypokalemia on the EKG (low-amplitude T waves
with rising amplitude U waves), some physicians
do not administer K until the laboratory measure-
ment is available.

More and more evidence shows that bicar-
bonate administration plays no role in the ther-
apy of DKA.

When insulin therapy reverses ketoacid forma-
tion, bicarbonate is rapidly regenerated from
retained ketone body anions. To the extent that
these anions were lost in the urine, the kidney
takes several days to fully reclaim bicarbonate.

D.W.-H. Lam and Y. Feng

In the past, bicarbonate was administered out of
concern that severe acidosis would impair cardiac
function and precipitate congestive heart failure or
vascular collapse. On the other hand, administra-
tion of bicarbonate may cause fluid retention,
brain edema, and unfavorable pH shifts. Current
data suggest that bicarbonate administration does
not favorably influence patient outcome down to a
pH 0f 6.90 [59, 60, 61]. Below this level, there is a
consensus to administer bicarbonate even if its
value is unproven.

Complications of DKA include death, cere-
bral edema, pancreatitis, rhabdomyolysis, pul-
monary edema, hypertriglyceridemia, and
hypophosphatemia.

Mortality in DKA is 0.25-10%, striking
mostly the very young and the elderly
[62—65]. Multiple organ failure (cardiac, renal,
hepatic, and pulmonary) portends a high mortality
in adult patients.

Cerebral edema is an uncommon but signifi-
cant cause of morbidity and mortality in diabetic
ketoacidosis. It occurs more frequently in the
pediatric population and rarely occurs in adult
patients [47]. The pathogenesis of cerebral
edema in DKA is not clear. It was originally
thought to be a consequence of aggressive fluid
resuscitation; however, more recently, there is
evidence that vasogenic and cytotoxic edema is a
consequence of cerebral hypoperfusion [66]. It is
the major cause of death and disability for chil-
dren with diabetic ketoacidosis.
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Rhabdomyolysis, the necrosis of skeletal mus-
cle leading to the release of intracellular contents
to the circulation, is a potential complication of
DKA [67]. Rhabdomyolysis in the setting of DKA
can have a variable clinical presentation with ele-
vations in muscle enzymes, electrolyte distur-
bances, and acute kidney injury. The
pathogenesis of rhabdomyolysis from DKA is
unclear but is likely a result of the electrolyte
and glucose disturbances in DKA.

Pulmonary symptoms may indicate pneumo-
nia but may also occur with a “capillary leak” or
interstitial edema associated with DKA [68]. Pul-
monary edema, observed in association with
DKA, is thought to be caused by a decrease in
capillary osmotic pressure during fluid resuscita-
tion but does not always have clinical significance
[66]. However, it can lead to hypoxia and can
confound treatment of DKA where volume resus-
citation is a pillar of treatment.

Elevated pancreatic enzymes, such as amylase
and lipase, are correlated with the degree of hyper-
glycemia, acidemia, and dehydration. Although
not usually clinically important [69]. Dehydration
with hypoperfusion of the pancreas and elevations
in triglycerides may preceipitate acute pancreatitis
[70, 71]. Elevated triglycerides occur because
insulin stimulation of endothelial lipoprotein
lipase is necessary to remove lipids from the cir-
culation, and insulin inhibition of adipose tissue
lipase prevents mobilization of lipids out of the fat
cell. Hypertriglyceridemia resolves following
DKA unless there is an underlying defect but
may contribute to pancreatitis [72]. Mild
hypophosphatemia commonly occurs in DKA;
there is evidence that treatment is not required
unless clearly symptomatic [73-75].

DKA costs lives and dollars; the epidemiol-
ogy of DKA targets educational and preventive
solutions.

In developing countries, mortality rates for
type 1 diabetic patients are high, with DKA as
the leading cause of death [76]. In US children and
young adults with type 1 diabetes mellitus, DKA
is also the most common cause of mortality and
appears to affect nonwhites with greatly increased
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frequency compared to whites [77]. DKA, with an
estimated annual incidence of 179,387 in the
United States, is estimated to incur costs of nearly
$90 million per year [1]. In youth, the presence of
DKA is estimated to increase the predicted annual
cost of medical expenditures by nearly 70% in the
United States [78] and up to 3.6 fold higher
diabetes-related costs in Germany [79].

Educational programs may decrease the inci-
dence of DKA [80], although the emotional and
psychological factors that stimulate knowledge-
able patients to discontinue insulin are not easily
addressed. Studies have shown that patients can
be safely discharged following care in the emer-
gency room if DKA is mild (pH > 7.20, HCO;
> 10) [81]. Admission to a general hospital bed
rather than a more expensive intensive care unit
bed is also possible for less severely ill patients
[82]. Specialty care may provide significant cost
savings: endocrinologists treat and discharge their
patients with DKA more rapidly, with fewer tests
and fewer readmissions than do general
internists [83].

Patients may present with DKA with excep-
tions to the definition including lower glucose,
higher pH, and negative nitroprusside test for
ketones.

The glucose at presentation in DKA varies
widely from less than 180 to 1000 mg/dL. If a
patient is not eating well prior to the onset of DKA
and able to maintain adequate hydration, the glu-
cose may be lower [84]. Young people with good
kidney function or pregnant patients [85] with
increased glomerular filtration rate (GFR) and
lowered glucose threshold can develop DKA
with normal blood sugars since they have a greater
capacity to excrete glucose [86]. Patients who
treat their finger stick glucose elevations with
small doses of insulin may develop diabetic
ketoacidosis with normal glucose levels if the
stress hormones during illness stimulate sufficient
lipolysis. DKA may develop unusually rapidly
during fasting [87] or dehydration because these
conditions increase the counterregulatory hor-
mone glucagon and increase the pace at which
acidosis occurs when insulin is withdrawn.
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Patients who have excessive vomiting and
develop DKA may have pH levels above the
definition for DKA (pH < 7.35) because H"
lost in emesis fluid superimposes metabolic
alkalosis on the metabolic acidosis of DKA.
Other states that cause metabolic alkalosis can
have the same effect, such as DKA with
Cushing’s syndrome.

Patients with low tissue oxygenation, sepsis,
and hypotension can present with a large predom-
inance of B-hydroxybutyrate over acetoacetate.
The test for ketoacids in these patients may be
negative at presentation and become positive as
the  patient  improves and converts
B-hydroxybutyrate to acetoacetate.

The patient with atypical diabetes mellitus is
exceptional in the ability to recover normal
pancreatic function [88—90].

In the United States, perhaps 10% of black
Americans who present with DKA will have a
subsequent course characterized by long-term
remission of diabetes mellitus. This course has
been labeled “atypical diabetes mellitus,” “type
1.5” diabetes, and “Flatbush” diabetes for the
area of Brooklyn, New York, where it has been
best characterized. Relapses occurred over a time
period of months to longer than 5 years; 20% of
patients were in remission beyond 6 years.
Patients may have a family history of similar
remissions of diabetes mellitus. This pattern is
seen in younger, less obese, and more insulin-
sensitive patients than the typical patient with
type 2 diabetes, and in Japanese and Chinese
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patients with atypical diabetes mellitus who
often do not require insulin after the episode.
Unlike in type 1 diabetes, antibodies against
glutamic acid decarboxylase (GAD) and islet
cell antibodies are negative.

Hyperosmolar Hyperglycemic
Syndrome (HHS)

Hyperosmolar hyperglycemic syndrome dif-
fers from DKA in the more dramatic degree
of dehydration, higher serum glucose, lack of
acidosis, advanced patient age, and much
higher mortality (Fig. 7) [91].

Hyperosmolar  hyperglycemic  syndrome
(HHS) connotes severe hyperglycemia without
(or with mild) acidemia or ketoacidosis. Diagnos-
tic criteria include a plasma glucose level
>600 mg/dl, an effective plasma osmolarity
>320 mOsm/L, and an absence of significant
ketoacidosis [92]. The pathogenesis of HHS bears
similarities to that of DKA. In HHS, there is a
relative insulin deficiency combined with
increased levels of counterregulatory hormones.
An increase in gluconeogenesis and glycogenoly-
sis lead to hyperglycemia. Elevated glucose levels
create an osmotic gradient leading to osmotic
diuresis. HHS differs from DKA in its absence of
ketoacidosis. The presence of insulin and lower
levels of glucagon avoid ketoacid formation
[93]. The severe dehydration and hyperglycemia
often results in effective serum osmolality (Table 2)

Fig. 7 Hyperglycemic '
Hyperosmolar Syndrome
(HHS) is characterized by
elevated glucose levels and
increased plasma
osmolality in the absence of
ketoacidosis. In between,
there is overlap and the
clinician tailors therapy
accordingly

Glucose 250 mg/di

DKA

Glucose

Glucose 1500 mg/di

Hyperglycemic
Hyperosmolar
Syndrome )
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greater than 320 mOsm/L, a level at which depres-
sion of consciousness or coma can be attributed to
the hyperosmolar state [94, 95]. Patients com-
monly have type 2 diabetes mellitus, with poor
antecedent glucose control, and are older; however,
HHS has been reported in those with type 1 diabe-
tes as well as in children [96, 97].

Thrombotic complications, which may occur in
DKA [98], are a feared complication of HHS.
Coronary arteries may clot, and arterial clots may
propagate from the periphery to include the
large central vessels. Presumably, the severe dehy-
dration results in hemoconcentration and a
hypercoagulable state. Because of the typically
advanced patient age, the hypercoagulability, and
decreased perfusion accompanying severe dehy-
dration, myocardial infarction must be specifically
excluded as a precipitating or a complicating event.
Investigations for precipitating events, similar to
that in cases of DKA, should be pursued during
evaluation of a patient with HHS.

Patients should be treated in an intensive care
setting. Fluid management with aggressive rehy-
dration is the critical aspect of treatment of
hyperosmolar syndrome. An immediate fluid
challenge should be given to guarantee continued
renal perfusion and urine output. One or two liters
of fluid in the first hour of therapy followed by
1 L/h for the next 4 h is commonly recommended.
The water deficit can be calculated from the serum
osmolality (the serum sodium can be substituted
for osmolality in the equation). Half the water
deficit should be replaced in the first 812 h.
Exceptions include patients with renal or conges-
tive heart failure, who require highly individual-
ized fluid management.

The “corrected” serum sodium (Table 2) indi-
cates the degree of free water loss — the higher the
corrected sodium, the greater the water loss. In
spite of marked free water loss, initial fluid replace-
ment is with isotonic solutions, usually normal
saline (NS), to establish blood pressure and perfu-
sion. The subsequent fluid chosen depends on
hemodynamics, serum sodium, and urine output.

Insulin plays only a minor role in the treatment
of HHS, since these patients are not “ketosis
prone,” are not acidotic, and do not require
restraint of free fatty acid release. The glucose
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osmotic diuresis that occurs with fluid administra-
tion is the most important factor in lowering the
blood glucose toward the renal threshold of
180 mg/dL.

Insulin treatment is currently recommended in
the treatment of HHS if glucose levels are not
declining with fluid therapy alone. The rapid
blood lowering of the serum glucose with insulin
is not recommended because the osmotic pull of
glucose helps to maintain intravascular volume
and rapid changes in osmolality could result in
cerebral edema. Maintenance of glucose levels of
200-300 mg/dL is currently recommended [92].

When it is over, the physician must educate
the patient not to omit insulin at times of stress.

Patients with type | diabetes must always take
insulin; patients with type 2 diabetes must under-
stand when insulin doses need to be increased.
Common misconceptions have to be corrected.
The patient must take insulin even when not able
to eat. Ordinarily, the diabetic patient will have a
basal insulin that remains active between meals or
when not eating. This basal insulin can be in the
form of long or intermediate acting insulin or a
rapid acting insulin, continuously infused subcu-
taneously by an insulin pump. Patients get con-
fused, however, when they are not eating because
of illness, such as gastrointestinal “upset.” At
these times, counterregulatory hormones may
rise resulting in increased insulin requirements.
Patients must know that they need to be more
vigilant with self-monitored blood glucose testing
and if necessary, ketone testing.

Conclusions

The next patient will likely be different, but the
culprits — glucose, free fatty acids, and ketoacids —
will be the same. The absolute or relative insulin
deficiency permitting substrates (free fatty acids,
amino acids and glycerol) to reach the liver and
counterregulatory excesses driving hepatic gluco-
neogenesis and ketogenesis are important to con-
sider when interpreting lab results and enacting a
treatment plan. The reversal of controlled storage
and synthetic processes resulting in hyperglyce-
mia, systemic acidosis, osmotic diuresis, and
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dehydration will be pillars of the treatment plan.
Therapy is straightforward, requiring insulin,
fluid, and electrolyte administration. Key to a
successful clinical outcome is careful monitoring
of the patient, anticipation of responses, and
investigation of potential precipitating factors.
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