Circulatory volume
depletion

A reduction in intravascular
and/or extracellular fluid
volume, such that there may
be an inability to adequately
perfuse tissue.
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‘ '.) Check for updates

Diabetic ketoacidosis

Diabetic ketoacidosis (DKA) is the most common acute
hyperglycaemic emergency in people with diabetes mel-
litus. DKA is the consequence of an absolute (that is,
total absence of) or relative (that is, levels insufficient
to supress ketone production) lack of insulin and con-
comitant elevation of counter-regulatory hormones,
usually resulting in the triad of hyperglycaemia, met-
abolic acidosis and ketosis (elevated levels of ketones
in the blood or urine; a serum ketone concentration of
>3.0mmol/l), often accompanied by varying degrees
of circulatory volume depletion. DKA occurs mostly in peo-
ple with uncontrolled type 1 diabetes mellitus (T1DM;
which results from the autoimmune destruction of the
B-cells of the islets of Langerhans) but can also occur in
adults with poorly controlled type 2 diabetes mellitus
(T2DM; a result of impaired insulin secretion or action)
under stressful conditions, such as acute medical or sur-
gical illnesses, and, in adolescents, in new-onset T2DM
(also known as ketosis-prone T2DM) (FIC. 1). Although
any illness or physiological stress can precipitate DKA,
the most frequent causes are infections, particularly
urinary tract infections and gastroenteritis™’.

DKA was previously considered to be a key clinical
feature of TIDM but has been documented in children
and adults with newly diagnosed T2DM?’. Although
ketosis-prone T2DM can occur in all populations,
epidemiological data suggest that people of African or
Hispanic origin seem to be at greater risk’; this predispo-
sition probably has a genetic component, but this hypoth-
esis has yet to be elucidated. Most often, individuals with
ketosis-prone T2DM have obesity and a strong family
history of T2DM as well as evidence of insulin resistance.
Despite presenting with DKA and decreased insulin con-
centrations, on immunological testing, these individu-
als have the same frequency of the typical autoimmune
markers of T1DM, such as islet cells, insulin, glutamic
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Abstract | Diabetic ketoacidosis (DKA) is the most common acute hyperglycaemic emergency in
people with diabetes mellitus. A diagnosis of DKA is confirmed when all of the three criteria are
present— ‘D’, either elevated blood glucose levels or a family history of diabetes mellitus; ‘K’,
the presence of high urinary or blood ketoacids; and ‘A, a high anion gap metabolic acidosis.
Early diagnosis and management are paramount to improve patient outcomes. The mainstays

of treatment include restoration of circulating volume, insulin therapy, electrolyte replacement
and treatment of any underlying precipitating event. Without optimal treatment, DKA remains a
condition with appreciable, although largely preventable, morbidity and mortality. In this Primer,
we discuss the epidemiology, pathogenesis, risk factors and diagnosis of DKA and provide
practical recommendations for the management of DKA in adults and children.

acid decarboxylase and protein tyrosine phosphatase
autoantibodies, as those who present with hyperosmo-
lar hyperglycaemic state (HHS), and their p-cell func-
tion recovers with restoration of insulin secretion quickly
after treatment’. Thus, individuals with ketosis-prone
T2DM can often go back to oral glucose-lowering medi-
cation without the need for continuing insulin therapy.
DKA is associated with significant morbidity and high
utilization of health-care resources, accounting for
4-9% of all hospital discharges among those with a diag-
nosis of diabetes mellitus as the primary cause for their
acute hospital admission’. DKA remains an expensive
condition to treat. In the USA, a single episode of DKA is
estimated to cost ~US$26,566 (REF."). In the UK, the cost
of one DKA episode is estimated to be £2,064 in adults
and £1,387 in adolescents (11-18 years of age)®’.

The criteria used to define DKA vary in different
parts of the world (TABLE 1). In 2001, the American
Diabetes Association (ADA) expanded the definition of
DKA to include mild metabolic acidosis, hyperglycae-
mia and positive ketone tests*’ (TABLE 1). Although all the
definitions of DKA concur by saying that all three com-
ponents need to be present, the glucose concentrations
and method of documenting ketosis vary. Additionally,
all guidelines agree that venous or arterial pH should
be <7.30. Early diagnosis and treatment are paramount
to improve patient outcomes. In developed countries,
the risk of death resulting from DKA is <1% in children
and adults'*"', whereas, in developing countries, mortal-
ity is much higher, with reported death rates as high as
3-13% in children'’. Among adults, DKA-related deaths
occur primarily in older persons (>60 years of age) or
in those with severe precipitating illnesses'. In children,
most DKA-related deaths result from cerebral injuries
or cerebral oedema. Evidence-based treatment strate-
gies include correction of fluid deficits, insulin therapy,
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Fig. 1| The history of DKA. The first reports of diabetic coma date
back to the early 1800s and included isolated cases of children and
adults with previously undiagnosed or established diabetes who presented
with rapid onset symptoms of hyperglycaemia that led to coma and
death”. In 1857, the presence of acetone was identified in the urine of an
individual presenting with diabetic coma”’’. Two decades later, the German
physician Adolf Kussmaul and colleagues reported severe dyspnoea
(hyperventilation) in patients’”". A decade later, Stadelmann reported that
the urine of most patients with diabetic coma contained large quantities of
B-hydroxybutyrate in addition to acetoacetate’’”. The mortality associated
with diabetic ketoacidosis (DKA) was >90% in the pre-insulin era’’”?, with

only a few patients living longer than a few months. In subsequent decades,
the mortality decreased, reaching <1-2% since the 2010s in developed
countries*®. It was not until in the 1970s that low-dose intravenous insulin
infusions were introduced following data showing that they lowered
glucose and ketone concentrations just as well as higher doses”’*. The first
American Diabetes Association (ADA) guideline was published in 2001 and
the first edition of the UK guidelines was published in 2011.1n 2018, the first
randomized controlled trial (RCT) of fluid replacement in children showed
no differences in acute or post-recovery neurological outcomes in children
with DKA treated with rapid versus slower volume correction using either
0.9% or 0.45% saline'™".

BMI z-score

Also known as the BMI
standard deviation score.

The z-score is a measure of a
child's relative weight adjusted
for age and gender.

potassium repletion and correction of the precipitating
factor. The other hyperglycaemic emergency that can
occur is HHS, which has a distinct pathophysiology to
DKA (BOX 1).

This Primer aims to provide up-to-date knowledge
on the epidemiology, pathophysiology, clinical presenta-
tion and management of DKA. In addition, we also dis-
cuss prevention measures after discharge in adults and
children with DKA.

Epidemiology

As the majority of people with DKA are hospitalized,
most epidemiological data come from hospital dis-
charge coding. Among adults, two-thirds of episodes of
DKA occur in people diagnosed with T1DM and one-
third occur in those with T2DM>'>**. In children (<18 years
of age), DKA commonly occurs at the initial diagnosis of
T1DM, with incidence varying in different populations
from 13% to 80%'*'%. Adolescents with T2DM also pres-
ent with DKA, although less frequently than children
with TIDM*. In addition, the frequency of DKA at diag-
nosis correlates inversely with the frequency of TIDM
in the population, suggesting that the more frequently
T1DM occurs in the general population, the more likely it
is that symptoms of new onset are recognized before
it becomes an episode of DKA'-"*. DKA occurs as the
earliest presentation of diabetes mellitus in children
<5 years of age and in people who do not have easy
access to medical care for economic or social reasons®*.
Among individuals aged between 4.6 and 19.8 years, who
were antibody negative and with a median BMI z-score of
2.3(2.0,2.6), 11% presented with ketosis-prone T2DM?>.
The percentage of adults with ketosis-prone T2DM is
unknown; however, since the early 2000s, the prevalence
of ketosis-prone T2DM worldwide has increased™".
Studies investigating autoimmunity in ketosis-prone
T2DM have suggested an association between develop-
ing the condition and full-length tyrosine phosphatase
IA-2 antibody or its extracellular domain®’; thus,

individuals with a genetic predisposition might be at
greater risk of developing ketosis-prone T2DM.
Epidemiological studies in the USA and Europe
revealed increasing hospitalizations for DKA in
adults'®"**. In 2014, the US Centers for Disease Control
and Prevention reported a total of 188,950 cases of DKA'.
Between the years 2000 and 2009, an average decline of
1.1% in the annual age-adjusted DKA hospitalization
rate was noted among people with any form of diabe-
tes mellitus'®. However, the estimated average annual
hospitalization rate increased to 6.3% between 2009
and 2014, that is, a rise of 54.9% (from 19.5 to 30.2 per
1,000 persons). This increase was observed across all age
groups and sexes. The highest hospitalization rates were
for individuals <45 years of age, a finding that might
be attributed to poor control (44.3 per 1,000 persons
in 2014), and lowest for persons >65 years of age for
reasons unknown (<2.0 per 1,000 persons in 2014)".
The causes of increased DKA hospitalizations are not
clear but might relate to changes in DKA definition®’,
the use of new medications associated with increased
DKA risk and lower thresholds for hospitalization (that
is, admission of individuals with less serious disease)'*!*.,
The rise in hospitalizations for DKA in the USA par-
allels the increased trend observed in the UK, Australia,
New Zealand and Denmark'-*>*. A study from the UK
examined nationally representative data in those with
existing TIDM and T2DM using the Clinical Practice
Research Datalink and the Hospital Episode Statistics
databases between 1998 and 2013 (REF'"). The study
found that the incidence of DKA was highest in adults
aged between 18 and 24 years within 1 year of diagno-
sis, potentially suggesting a need for greater education
of patients on managing their diabetes at the time of
diagnosis. In agreement with these reports, a systematic
review” reported a worldwide incidence of 8-51.3 cases
per 1,000 patient-years in individuals with T1DM, which
has been shown to be highest in men aged between
15 and 39 years®. These data made no distinction
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between first or recurrent (an individual presenting with

>1 episode at any time after t
of DKA. Furthermore, the Gu
Translational Study Group rep

heir first event) episodes
angdong Type 1 Diabetes
orted a much higher inci-

dence across China (263 per 1,000 patient-years), which
the investigators attributed to differences in national
health-care systems, where people with TIDM have lim-
ited access to routine health care as well as infrequent
self-monitoring of blood glucose”. However, in jurisdic-
tions such as Taiwan, Germany and Italy, DKA hospi-
talization rates have decreased™ . The reasons for this
decrease are unknown but might be due to improvements
in access to health care and/or increased recognition of
the early signs of hyperglycaemia and DKA.

Recurrent DKA accounts for a substantial portion of
the hospitalizations amongst adults with diabetes mel-
litus, which are 66% for TIDM and 35% for T2DM in

the UK"'. However, a study in

the USA reported recur-

rent DKA in 21.6% of adults with TIDM or T2DM aged
between 18 and 89 years. Of those with recurrent DKA,
16% had been hospitalized at more than one hospital™,
implying that patients do not get continuity of care and
that their care is fragmented. Recurrent DKA often
occurs in a small number of adults or children who have

behavioural, social or psycholo:

up a disproportionate number of DKA admissions

gical problems, who make
33,34

In developed countries, hospital case-fatality rates
have declined over time, with current reported death
rates of <1% being observed across all age groups and
sexes'>”. However, DKA is the leading cause of mor-
tality among children and adults aged <58 years with

T1DM, accounting for >50%

of all deaths in children

with diabetes mellitus®. Mortality increases substan-
tially in those with comorbidities and with ageing,
reaching 8-10% in those aged >65-75 years"”’. The
highest rates of DKA have been suggested to occur in
regions least able to afford health care*. Mortality might

also be higher in these popul

ations; for example, data

from India showed a 30% mortality in those presenting

with DKA¥, and studies from

sub-Saharan Africa have

reported similarly high mortality (26-41.3%), whereas
a study from Jamaica reported a mortality of 6.7%"'.

PRIMER

Limited resources in the treating hospital, late presenta-
tion or a greater case load in larger institutions might
contribute to the higher mortality.

Risk factors

In adults with known diabetes mellitus, precipitating
factors for DKA include infections, intercurrent illnesses
such as acute coronary syndrome, insulin pump issues
(for example, dislodgement or blockage of infusion
sets), and poor adherence and non-compliance with
insulin therapy"* (TABLE 2). Several new studies have
emphasized the effect of poor treatment adherence on
the incidence of DKA. For example, in the USA, among
urban Afro-Caribbean populations and in underinsured
people, non-compliance was the principal cause for the
development of DKA*. As a result, poor adherence to
insulin treatment accounted for >50% of DKA admis-
sions to a large urban hospital’***. A study reported that
persons without health insurance or with Medicaid alone
(in the USA) had hospitalization rates 2-3 times higher
for DKA than those with private insurance. A study
examining two community hospitals in Chicago, IL,
identified that most cases of DKA were caused by peo-
ple with diabetes mellitus omitting their insulin (failure
to administer insulin as directed), and medical illness
accounted for less than one-third of admissions®. In the
UK, the most frequent cause of DKA was infection, fol-
lowed by non-compliance®. Other conditions that are
known to precipitate DKA include myocardial infarc-
tion, cerebrovascular accidents, pancreatitis, alcohol
misuse, pulmonary embolism and trauma"**. The risk
factors for recurrent DKA include low socioeconomic
status, adolescence, female sex (possibly owing to a
higher incidence of deliberate insulin omission, psycho-
logical issues, eating disorders and body dysmorphia®),
high glycated haemoglobin (HbA, ), previous episodes
of DKA and a history of mental health problems*~*.

In children, a lack of prompt recognition of
new-onset TIDM by health-care providers increases the
risk of DKA at diagnosis™. Among children with known
T1DM, the majority of DKA episodes are caused by
insulin omission, with a minority of episodes occurring

Table 1 | Diagnostic criteria for DKA

Severity Glucose (mg/dl) Arterial or Bicarbonate Urine or serum ketones
(mmol/l) venous pH (mmol/l) (nitroprusside test)

American Diabetes Association criteria for adults

Mild >250(13.8) 7.25-730  15-18 Positive

Moderate ~ >250(13.8) 7.24-7.0 10-15 Positive

Severe >250(13.8) <70 <10 Positive

Joint British Diabetes Societies for Inpatient Care

NA >200(11.1) <7.30° <15 Positive

International Society of Pediatric and Adolescent Diabetes

Mild >200(11.1) <7.30° <15 Positive

Moderate  >200(11.1) <7.2® <10 Positive

Severe >200(11.1) <7.12 <5 Positive

B-hydroxybutyrate Anion gap Mental Ref.
(mmol/l) (mmol/l)  status

>3.0 >10 Alert 8
>3.0 >12 Alert/drowsy

>3.0 >12 Stupor/coma

>3.0 NA NA 130
>3.0 NA NA 2
>3.0 NA NA

>3.0 NA NA

The American Diabetes Association criteria recommend the use of arterial or venous pH for diagnosis and to evaluate the need for bicarbonate therapy and to measure
resolution. Note that the severity of diabetic ketoacidosis (DKA) is defined by the degree of acidosis and level of consciousness, not by the degree of hyperglycaemia or
ketonaemia. NA, not applicable. ?Venous pH can be used to diagnose DKA. Data from REFS®721%°,

NATURE REVIEWS | DISEASE PRIMERS | Article citation ID:

(2020) 6:40




PRIMER

Box 1 | Hyperglycaemic hyperosmolar state

The hyperglycaemic hyperosmolar state (HHS) is another encountered hyperglycaemic
emergency. HHS occurs less frequently than diabetic ketoacidosis (DKA) (<1% of
diabetes-related emergencies’) but has a substantial mortality of up to 20%"%**°.
HHS is characterized by severe hyperglycaemia and high serum osmolality (a measure
of electrolyte and glucose concentrations in the serum) accompanied by circulatory
volume depletion*”. In HHS, insulin concentrations are adequate to inhibit ketogenesis
but not high enough to ensure adequate cellular glucose uptake. Thus, HHS is
characterized by hyperglycaemia and an osmotic diuresis that perpetuates dehydration
without ketosis. As with DKA, concurrent illness, such as infection or acute coronary
syndrome, can lead to an increase in counter-regulatory hormones, which exacerbates
hyperglycaemia. Medications such as corticosteroids and atypical antipsychotics can
also precipitate HHS%%"".

The UK and US guidelines for diagnosing HHS slightly differ from each other®?”.
The UK guidelines define HHS as a glucose concentration of 230 mmol/l, a pH of >7.3,
a bicarbonate concentration of >15mmol/l, a blood -hydroxybutyrate concentration
of <3.0mmol/l and an osmolality of >320 mOsmol/l (REF.?”*); US guidelines define HHS
as glucose levels of >33.3 mmol/|, a pH of >7.3 and a bicarbonate concentration of
>18 mmol/l, with low concentrations of urinary or serum ketones and an osmolality
of >320mOsmol/l (REF?). In addition to detecting and treating any precipitating
cause, the management of HHS involves correcting fluid deficits, including potassium
replacement, and reducing hyperosmolality. The administration of intravenous
fluids, such as 0.9% saline, can also lower glucose concentrations by addressing
haemoconcentration (an increase in the proportion of red blood cells in blood due
to the loss of water) and restoring renal perfusion. Circulatory volume depletion is
more severe in HHS than in DKA and higher rates of fluid administration are typically
necessary. Consensus recommendations from various groups are slightly different
owing to a lack of trials®**. Intravenous insulin is started immediately after the initial
fluid bolus if there is evidence of metabolic acidosis (DKA and HHS can frequently
co-exist'*"). However, in the absence of acidosis, a weight-based fixed-rate intravenous
insulin infusion is started only after the glucose concentration ceases to decline with
fluid replacement alone’’* or after potassium levels have been corrected®.

in association with infections — most often gastrointes-
tinal infections with vomiting and an inability to keep
hydrated™'. Risk factors for DKA in children with known
diabetes mellitus include poor diabetes control, previ-
ous episodes of DKA, unstable or challenging family or
social circumstances, adolescent age, being a peripuber-
tal girl and having limited access to medical services®>>’.
A study showed that, in the USA and in India, a small
proportion (5.5% and 6.6%, respectively) of people aged
<19 years who are eventually diagnosed with T2DM pres-
ent with DKA®. Whether this is ketosis-prone T2DM is
unknown, as genetic analyses on these individuals are
unavailable.

Psychological factors also influence the likelihood of
developing DKA*>*. A report of ~350 adolescent girls
and women (aged 13-60 years) suggested that disordered
eating was a contributing factor in ~20% of recurrent
episodes of DKA”. Furthermore, ~30% of young women
(15 + 2 years of age) with T1DM have been suggested to
have an eating disorder™. When questioned, the women
omitted insulin because of a fear of weight gain with
good glycaemic control, diabetes-related distress, fear
of hypoglycaemia and rebellion from authority™.

Pharmacological risk factors. As mentioned, insulin
mismanagement or omission can lead to DKA. Most
often, treatment involves insulin given in a multiple dose
regimen. However, data from the UK National Paediatric
Diabetes Audit show that insulin pump use is also asso-
ciated with an increased risk of DKA in those aged

60

<18 years®. DKA has also been reported in people with
diabetes mellitus treated with sodium-glucose transport
protein 2 (SGLT2) inhibitors. Results from randomized
controlled trials (RCTs) have indicated that DKA is rare
in patients with T2DM treated with SGLT?2 inhibitors
(incidence of 0.16-0.76 events per 1,000 patient-years®).
However, several RCTs have reported a higher risk of
SGLT?2 inhibitor-associated ketosis in adults with TIDM
(5-12%)°** and an incidence of DKA in ~3-5% in those
with T1DM treated with SGLT2 inhibitors®>*°. The inci-
dence of DKA in those receiving placebo in these RCTs
of people with TIDM was 0-1.9%°, and DKA occurred
despite the use of measures designed to minimize the
risk of ketosis. These risk mitigation strategies have been
described elsewhere®<”. With the regulatory approval of
SGLT2 inhibitors for use in patients with overweight and
T1DM in Europe®, the actual rates of DKA outside of a
clinical trial setting remain to be determined. The only
other drug licensed in the USA for use in people with
T1DM is pramlintide®. The use of this drug is not asso-
ciated with the development of DKA, but pramlintide is
seldom used because it needs to be injected at each meal
as a separate injection to insulin, it causes nausea and
hypoglycaemia might occur if the insulin to carbohy-
drate ratio is incorrect. Thus, there is a need to develop
better adjunctive treatments alongside insulin for people
with TIDM.

Data from the TIDM exchange registry in the USA
have shown that cannabis use is associated with an
increased risk of developing DKA”. In addition, drugs
that affect carbohydrate metabolism, such as corticos-
teroids, sympathomimetic agents (used in nasal decon-
gestants) and pentamidine (an antimicrobial agent most
frequently used to treat protozoal infection or pneumo-
nia), can precipitate the development of DKA'”. Atypical
antipsychotic agents have been associated with weight
gain and T2DM but are also associated with DKA, which
occurs acutely even in the absence of weight gain™"2.
Cancer treatment using immune checkpoint inhibitors,
such as those that block cytotoxic T lymphocyte anti-
gen 4 (CTLA4) and PD1 or its ligand PDLI (REFS™>7%),
have been linked to new-onset autoimmune T1DM?>7>7°,
The WHO database of individual case safety reports
described a total of 283 cases of new-onset diabetes
mellitus, with >50% of patients with immune check-
point inhibitor-induced diabetes mellitus presenting
with DKA”>7°. Additionally, a case series involving large
academic medical centres estimated an incidence of 1%
of new-onset TIDM with a median time of 49 days to
onset, and 76% of the cases presented with DKA™7%77.

Mechanisms/pathophysiology

In T1DM or T2DM, DKA may occur when there is abso-
lute or relative insulin deficiency or in times of acute
illness, which is associated with an increase in the counter-
regulatory hormones cortisol, growth hormone, gluca-
gon and catecholamines. These alterations in hormone
levels and the subsequent inflammatory response form
the basis of the pathophysiological mechanisms involved
in DKA. The changes in hormone concentrations lead to
alterations in glucose production and disposal as well as
to increased lipolysis and ketone body production (FIC. 2).
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pKa

The negative base-10
logarithm of the acid
dissociation constant (Ka)
of a solution. The lower the
pKa, the stronger the acid.

Buffering

The ability of molecules in
the circulation to stabilize the
acid—base balance in an
attempt to maintain the pH.

Intercurrent illness can lead to the production of counter-
regulatory hormones and, therefore, to hyperglycae-
mia, and the pro-inflammatory state resulting from an
infection precipitates DKA.

Gluconeogenesis and hyperglycaemia

In diabetes mellitus, insulin deficiency leads to increased
gluconeogenesis (hepatic glucose production), which is
simultaneously accompanied by impaired glucose uptake
and use in peripheral tissues’®”, resulting in hypergly-
caemia. In healthy individuals, ~20% of total endogenous
glucose production also comes from the kidneys as a
result of a combination of gluconeogenesis and glycogen-
olysis®. Endogenous renal glucose production has been
speculated to be increased in DKA, with data from the
1970s suggesting that the presence of acidosis increases
renal glucose output whilst impairing hepatic gluco-
neogenesis*. In T1IDM and T2DM, increased hepatic
gluconeogenesis results from the increased availability
of gluconeogenic precursors such as lactate, glycerol
and several gluconeogenic amino acids, including ala-
nine, glycine and serine. Furthermore, low insulin con-
centrations lead to catabolism of protein from muscles,
liberating amino acids that are gluconeogenic and keto-
genic, such as tyrosine, isoleucine and phenylalanine, or
purely ketogenic such as lysine and leucine. Catabolism
of isoleucine, lysine and tryptophan leads to the for-
mation of acetyl coenzyme A (acetyl-CoA), catabolism
of phenylalanine and tyrosine leads to the formation
of acetoacetate, and leucine leads to the production of
B-hydroxy-p-methylglutaryl-CoA (HMG-CoA) — all
of which feed into the production of ketone bodies.
High glucagon, catecholamine and cortisol concentra-
tions relative to insulin levels stimulate gluconeogenic
enzyme activity, in particular phosphoenolpyruvate car-
boxykinase, fructose-1,6-bisphosphatase and pyruvate

carboxylase, all of which augment hyperglycaemia’*>%.

Ketogenesis. The increase in concentrations of counter-
regulatory hormones associated with severe insulin defi-
ciency activates hormone-sensitive lipase in adipose tissue.

Table 2 | Precipitating causes of DKA in adults by region

Region New-onset  Infection Poor treatment Other’ Unknown
diabetes (%) adherence (%) (%) (%)
mellitus (%)

Australia 5.7 28.6 40 25.7 NR

Brazil 12.2 25 39 15 8.8

China NR 39.2 24 10.9 25.9

Indonesia 3.3 58.3 13.3 17.1 8

South Korea NR 25.3 32.7 11.2 30.8

Nigeria NR 32.5 275 4.8 34.6

Spain 12.8 33.2 30.7 23.3 NR

Syria NR 47.8 23.5 7.8 20.9

Taiwan 18.2 31.7 21.7 6.2 16.2

UK 6.1 44.6 19.7 10.9 18.7

USA 17.2-23.8 14.0-16.0 41.0-59.6 9.7-18.0 3.0-4.2

DKA, diabetic ketoacidosis; NR, not reported. *Other causes include the use of medications
that affect carbohydrate metabolism, insulin pump failure, or alcohol or drug misuse.
Data from REF.**. Adapted from REF.", Springer Nature Limited.
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Lipolysis of endogenous triglycerides by this enzyme
releases large quantities of free fatty acids (FFAs) and
glycerol into the circulation®. These FFAs are oxidized
to ketone bodies in the hepatic mitochondria, a process
mediated by high glucagon concentrations. Glucagon
reduces the hepatic concentrations of malonyl-CoA,
which is the first committed intermediate in the lipo-
genic pathway®. Malonyl-CoA is also a potent inhib-
itor of fatty acid oxidation and inhibits the enzyme
carnitine palmitoyltransferase 1 (CPT1). CPT1 reg-
ulates the uptake of FFAs into the mitochondria for
B-oxidation®, causing an accumulation of acetyl-CoA.
Under normal circumstances, acetyl-CoA enters the tri-
carboxylic acid cycle (also known as Krebs cycle) and,
subsequently, the mitochondrial electron transport
chain to synthesize ATP. However, when acetyl-CoA
production exceeds the levels that can be metabo-
lized by the tricarboxylic acid cycle, two molecules of
acetyl-CoA condense to form acetoacetyl-CoA, which
can condense with another acetyl-CoA molecule to
form HMG-CoA. The enzyme HMG-CoA synthase is
stimulated by glucagon and inhibited by insulin; thus,
in times of fasting or insulin deprivation, the enzyme
actively produces HMG-CoA. HMG-CoA within the
mitochondria is lysed to form acetoacetate (as opposed
to in the cytosol, where it is involved in cholesterol syn-
thesis), which can further spontaneously degrade to
form acetone or be metabolized to f-hydroxybutyrate®.
Acetone, acetoacetate and B-hydroxybutyrate con-
stitute the three ketone bodies produced by the liver.
The exhaled acetone is what gives the classic ‘fruity’
breath in people presenting with DKA. Acetoacetate
and B-hydroxybutyrate are acidic, that is, they are
ketoacids with pKa values of 3.6 and 4.7, respectively.
Concurrent with increased ketone body production,
the clearance of B-hydroxybutyrate and acetoacetate
is reduced. Acidosis occurs owing to the buffering of
protons produced by the dissociation of ketoacids that
occurs at physiological pH. The reduced clearance of
ketones contributes to the high concentration of anions
in the circulation, which also contributes to the develop-
ment of DKA®*. However, the reason for this decreased
clearance remains uncertain’®.

The accumulation of ketoacids leads to a decrease in
serum bicarbonate concentration, and retention of these
‘strong acids’ leads to the development of high anion gap
metabolic acidosis. The anion gap is a calculation of the
difference between the cations and anions in the serum
and can be used as a guide to the cause of excess acidity.
If there is a large difference that is not accounted for by
the anions and cations in the equation, then alterna-
tive causes for the difference must be found. The most
frequently used equation to calculate the anion gap is
([Na*] + [K*]) - ([CI"] + [HCO,]), although some
investigators do not include potassium ion concentra-
tion owing to its negligible effect on the overall result.
In healthy individuals, the reference range is most
frequently 10-14 mmol/l (REFS**~*). The relationship
between the change in the anion gap and the change in
serum bicarbonate concentration is not always 1:1, as was
previously postulated’”’, which might be owing to the
contribution of unmeasured cations (UC) (for example,
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Fig. 2 | Pathogenesis of DKA. Hyperglycaemia develops in insulin
deficiency because of three processes: increased gluconeogenesis,
accelerated glycogenolysis and impaired glucose utilization by peripheral
tissues. The reduction in insulin concentration together with the increase
in counter-regulatory hormones leads to the activation of
hormone-sensitive lipase in adipose tissue with the subsequent breakdown
of triglycerides into glycerol and free fatty acids (FFAs). In the liver, FFAs are
oxidized to ketoacids, mainly under the influence of glucagon. FFAs
undergo B-oxidation to form acetyl coenzyme A (acetyl-CoA). Excess
acetyl-CoA that does not enter the Krebs cycle (tricarboxylic acid cycle;
TCA cycle) generates acetoacetyl-CoA, three molecules of which condense
to form B-hydroxy-p-methylglutaryl-CoA (HMG-CoA). This, in turn, is
cleaved to form acetoacetate and acetyl-CoA. Acetoacetate is further
reduced by NADH to form B-hydroxybutyrate. The two major ketoacids are

B-hydroxybutyrate and acetoacetate. The accumulation of ketoacids leads
to a high anion gap metabolic acidosis due to the reduction in serum
bicarbonate concentration and ‘fixed acid’ retention. Hyperglycaemia also
activates macrophages to produce pro-inflammatory cytokines and the liver
to produce C-reactive protein, which in turn impair pancreatic p-cell
function, reduce endothelial nitric oxide and lead to endothelial
dysfunction. Hyperglycaemia and high ketone levels cause an osmotic
diuresis that leads to hypovolaemia, decreased glomerular filtration rate
and worsening hyperglycaemia. As a result of respiratory compensation for
the metabolic acidosis, deep, regular breaths (often with a ‘fruity’ odour),
known as Kussmaul breathing, are taken by those with diabetic ketoacidosis
(DKA) as a way of excreting acidic carbon dioxide. Cerebral oedemais an
increased fluid content of the brain tissue that may lead to neurological
signs and symptoms.

Ca’* and Mg*") and unmeasured anions (UA) (for exam-
ple, HPO,  and SO,*). Thus, the true equation for the
anion gap can be expressed as [Na*] + [K*] + UC=[Cl'] +
[HCO,] + UA, which can be arranged as ([Na*] + [K*])
- ([CI'] + [HCO,]) = UA - UC = anion gap. Thus, the
difference between the UA and UC also constitutes
the anion gap”. Other components of the plasma, in
particular albumin, can affect the relationship between

the severity of acidosis, the bicarbonate concentration
and the anion gap; this relationship is discussed in more
detail elsewhere’”*. The measure of acidity is impor-
tant because, as pH falls to <7.35, intracellular biological
systems begin to fail, leading to irreversible damage at
~pH <6.8. Such a low pH can lead to neurological dys-
function, resulting in coma and, if severe or prolonged
enough, death.
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Glomerular filtration rate
An estimate of how much
blood passes through the renal
glomeruli every minute, which
is often calculated from serum
creatinine levels, age, sex and
body weight.

Pre-renal failure

The loss of kidney function

as a result of poor renal or
glomerular perfusion, for
example, due to haemorrhage,
cardiac failure or
hypovolaemia.

Hypertonicity

A state in which the circulating
extracellular fluid has a higher
osmotic pressure than the
pressure that would be
observed in a healthy
individual.

Osmotic diuresis

The severity of hyperglycaemia and the high con-
centrations of acetoacetate and B-hydroxybutyrate
cause osmotic diuresis leading to hypovolaemia (state
of extracellular volume depletion) with contraction of
arterial blood volume. The osmotic diuresis also leads
to a decreased glomerular filtration rate, thereby reduc-
ing the ability to excrete glucose. Hypovolaemia leads to
additional increases in the levels of counter-regulatory
hormones, further aggravating hyperglycaemia®. The
resulting low circulating volume leads to generalized
hypoperfusion and can also lead to an increase in lactic
acid levels. Owing to a lack of perfusion, peripheral tis-
sues become deprived of oxygen and switch to anaerobic
respiration, thereby generating lactate and worsening the
acidaemia (the state of low blood pH). The lack of renal
perfusion can lead to pre-renal failure and an inability to
adequately excrete acids such as sulphate, phosphate or
urate, further exacerbating high anion gap acidaemia.
Osmotic diuresis as well as the associated vomiting
and inability to take fluid orally or a lower conscious-
ness level can lead to worsening of the dehydration.
Hyperglycaemia might be worsened by the ingestion
of sugar-sweetened beverages to quench the thirst
experienced by these individuals.

Electrolyte disturbance

Insulin maintains potassium (a predominantly intra-
cellular cation) concentrations within the intracellular
fluid. Thus, the lack of insulin causes potassium to move
into the extracellular space. As the plasma pH falls owing
to the rise in ketone concentrations, plasma bicarbonate
ions act as one of the main buffers to maintain the phys-
iological pH (that is, pH 7.4). As acidaemia progresses
and the pH falls further, the bicarbonate ion concentra-
tion drops because it buffers the increase in hydrogen
ion concentration, and further tissue buffering becomes
crucial. To achieve this, extracellular hydrogen ions from
the ketoacids are exchanged for intracellular potassium
ions. In addition, extracellular hypertonicity causes
the movement of water from the intracellular space to the
extracellular space, leading to further loss of intracellular
potassium. Furthermore, owing to osmotic diuresis, the
circulating volume decreases, and the aldosterone con-
centration increases. Aldosterone works by conserving
sodium reabsorption in the kidney by excreting potas-
sium in the urine, thereby leading to further potassium
loss. The end effect of these physiological attempts at
maintaining buffering capacity and electrical neutrality
is hyperkalaemia. A study from 1956 showed that, for
each 0.1 unit fall in pH, the serum potassium concentra-
tion increased by 0.6 mmol/l (REF*). Thus, in the acute
stage before fluid and insulin treatment is started, serum
potassium can be as high as >7.0 mmol/]; yet, because
of renal loss, total body potassium stores are usually
substantially depleted, estimated at 3-5 mmol/kg (REF.).

Inflammation

Severe hyperglycaemia and the occurrence of ketoaci-
dosis result in a pro-inflammatory state, evidenced by
an elevation of oxidative stress markers and increased
concentrations of pro-inflammatory cytokines’.

PRIMER

This increase in pro-inflammatory cytokines leads to
white adipose tissue dysfunction by inhibiting insu-
lin signalling or increasing lipolysis, thereby leading
to increased transport of FFAs to the liver, which act
as ketogenic substrates'”"'", In diabetic conditions,
impaired insulin signalling that results in severe hyper-
glycaemia can induce the liver to produce C-reactive pro-
tein (a pro-inflammatory marker) under the influence
of activated macrophages that secrete pro-inflammatory
cytokines such as IL-6, IL-1p and tumour necrosis fac-
tor (TNF). These cytokines, in turn, can impair insulin
secretion and reduce insulin action, further exacerbating
DKA®5105104 The elevated levels of FFAs also induce
insulin resistance and at the same time cause endo-
thelial dysfunction by impairing nitric oxide produc-
tion in endothelial cells'*>'*. Together, the inflammatory
response induces oxidative stress, and the subsequent
generation of reactive oxygen species leads to capillary
endothelial disruption and damage of cellular lipids, pro-
teins, membranes and DNA”’. The inflammatory state
has also been hypothesized to be involved in causing
complications of DKA in children, particularly cerebral
oedema and cerebral injury'”~'". The cerebral oedema
in DKA is vasogenic (that is, resulting from the disrup-
tion of the blood-brain barrier), but the mechanism
remains undetermined.

The reasons for coma or reduction in cognitive ability
in DKA are yet to be elucidated. The observation that
some people are fully alert and oriented at a pH of 6.9,
whereas others are obtunded at a pH of 7.2, suggests that
an element of ‘physiological reserve’ might be involved.
However, the degree of circulatory volume depletion,
high glucose concentrations and the rapid shift of
electrolytes between the intracellular and extracellular
spaces might also play a part.

SGLT2 inhibitor-induced ketoacidosis

By promoting glycosuria, SGLT2 inhibitors lower cir-
culating glucose concentrations''’. As glucose concen-
trations drop, so do insulin concentrations, whereas
glucagon concentration rises. Together, these changes
promote lipid B-oxidation and subsequently ketoacid pro-
duction'""'"*. In patients already using insulin, as glucose
concentrations drop, insulin doses may be reduced, but
ketogenesis is not prevented. As ketone concentrations
continue to rise, DKA may occur but, crucially, as the
circulating glucose concentrations are low, euglycaemic
DKA occurs more frequently in these individuals''*'">.
The mechanism for the development of DKA with SGLT2
inhibitors has been discussed in detail elsewhere''">.

Alcoholic ketoacidosis

Alcoholic ketoacidosis has a different pathogenesis
from DKA and develops in people with chronic alcohol
abuse who have binged, resulting in nausea, vomiting
and acute starvation''®'"”. Blood glucose concentration
is the key diagnostic feature that differentiates DKA and
alcohol-induced ketoacidosis. Acute alcohol withdrawal
can cause the release of counter-regulatory hormones,
and any accompanying starvation will be associated
with low insulin secretion, which, in turn, causes lipol-
ysis and ketogenesis. Furthermore, the enzyme alcohol
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dehydrogenase metabolizes ethanol to acetaldehyde,
which is metabolized to acetic acid and transported into
the mitochondria, where it is converted into acetyl-CoA
and subsequently condenses to acetoacetate''®. In con-
trast to DKA that usually presents with severe hyper-
glycaemia, the presence of ketoacidosis without
hyperglycaemia in a patient with alcoholism is virtually
diagnostic of alcoholic ketoacidosis''”'"*.

Starvation ketosis

Starvation ketosis occurs when a person has a pro-
longed reduced calorie intake of <500 kcal/day (REF.').
With little or no carbohydrate intake, insulin secretion is
decreased, leading to lipolysis and ketogenesis. However,
starvation ketosis differs from DKA; in healthy individ-
uals or in individuals with obesity without diabetes mel-
litus who starve, f-hydroxybutyrate concentrations can
reach 5-6 mmol/l after several days of absolute starva-
tion with almost very little or no caloric intake'*"'*?, or
4-5mmol/l after 10 days of starvation'*. For comparison,
in a healthy, non-starving individual, f-hydroxybutyrate
concentrations should be <0.3 mmol/l. An individual is
able to adapt to prolonged fasting by increasing brain
and muscle ketone clearance as well as renal compensa-
tion by increasing acid excretion, in particular ammo-
nia'?""**. As this condition develops over many days,
an electrolyte imbalance (for example, low bicarbonate
concentrations) is less likely to occur owing to the abil-
ity of the kidneys to compensate. However, if electrolyte
intake is also limited, then electrolyte disturbances will
eventually occur'”. Thus, as a result of renal compen-
sation, starvation-induced ketosis is unlikely to present

Central nervous system Visual
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e Lethargy Breath

e Stupor

Smell of acetone

Respiratory
Kussmaul breathing
(hyperventilation)

Gastrointestinal
¢ Nausea

e Vomiting

e Abdominal pain

Urinary

e Polyuria

e Ketonuria
e Glucosuria

Fig. 3 | Symptoms and signs of DKA. The osmotic diuresis induced by hyperglycaemia
and ketonuria causes circulatory volume depletion; this, in turn, can cause the lethargy,
stupor and coma. The metabolic acidosis stimulates respiratory compensation with the
classic hyperventilation (‘air hunger’) that is Kussmaul breathing — the volatile ketones can
be smelt on the breath. Changes in visual acuity, thought to be due to changes in water
content in the eyeball or the lens, are also observed. Patients with diabetic ketoacidosis
(DKA) also experience abdominal pain, nausea and vomiting that resolve with treatment.

with a serum bicarbonate concentration of <18.0 mmol/l
(REF.'%). This serum bicarbonate corresponds to a mean
B-hydroxybutyrate concentration of 5.68 (+1.5) mmol/l
in the UK national survey of DKA; it is likely that a few
hours of insulin deprivation are required to achieve that
ketone concentration in patients with DKA™.

Diagnosis, screening and prevention

Presentation

DKA frequently presents with a short history, with sym-
ptoms developing usually over a few hours. These
symptoms include the classic symptoms of hypergly-
caemia — polyuria (excessive urine production), poly-
dipsia (excessive thirst) and, in those for whom DKA
is the first presentation of diabetes mellitus, weight loss
(FIC. 3). Polyphagia (excessive hunger) has been reported
in children but remains rare in adults'*. Gastrointestinal
symptoms such as nausea, vomiting and generalized
abdominal pain are reported in >60% of patients"'*.
Abdominal pain, sometimes mimicking an acute abdo-
men, is especially common in children and in patients
with severe metabolic acidosis. Abdominal pain typically
resolves during the first 24 hours of treatment, and a lack
of resolution of abdominal pain within this time frame
should prompt a search for other causes'”®. Although the
cause of the gastrointestinal complaints has not been
fully elucidated, delayed gastric emptying, ileus (that is, a
lack of movement in the intestines that leads to a delay in
transit), electrolyte disturbances and metabolic acidosis
have been implicated"'*.

Physical examination of adults and children usually
reveals signs of circulatory volume depletion, including
dry mucous membranes and tachycardia. Mental status
on admission varies from full alertness to lethargy and
stupor, with <20% of adults hospitalized showing loss of
consciousness'”. As pH drops, respiratory compensation
for the metabolic acidosis, that is, excreting acidic carbon
dioxide in an attempt to maintain plasma pH, leads to
Kussmaul respirations (a deep and laboured breathing
pattern) in individuals with DKA, and the breath might
have a classic fruity odour due to acetone exhalation.
Most adults and children are normothermic or even
hypothermic at presentation even in the presence of
infection. Hypotension might be observed in adults but is
rarely present in children. In fact, for reasons unknown,
studies have documented a high frequency of hyper-
tension in children with DKA, despite substantial volume
depletion'*. Thus, it is important not to rely on blood
pressure as a marker of DKA severity in children.

Diagnosis

The diagnosis of DKA is based on the triad of hyper-
glycaemia, ketosis and metabolic acidosis'*’. Although
the ADA, the Joint British Diabetes Societies for
Inpatient Care and the International Society of Pediatric
and Adolescent Diabetes agree that the main diagnos-
tic feature of DKA is the elevation in circulating total
blood ketone concentration, the other diagnostic criteria,
such as serum glucose and bicarbonate concentrations,
differ®**>"** (TABLE 1). Studies have shown that between
3% and 8.7% of adults who present with DKA have
normal or only mildly elevated glucose concentrations
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(<13.9mmol/I (250 mg/dl)) — a condition known as
euglycaemic DKA"!""*%, Euglycaemic DKA has been
reported during prolonged starvation, with excessive
alcohol intake, in partially treated individuals (that is,
those receiving inadequate doses of insulin), during preg-
nancy and in those who use an SGLT?2 inhibitor®'**'%*,
In those taking SGLT2 inhibitors who may present with
DKA but without severe hyperglycaemia, a thorough
medication history is key to confirming the diagnosis.
When individuals present with euglycaemic DKA,
the admission biochemistry is relatively non-specific
and might be affected by the degree of respiratory com-
pensation, the coexistence of a mixed acid-base distur-
bance or other comorbidities''*. Studies from the 1980s
documented high anion gap acidosis in 46% of people
(14-55 years of age) admitted for DKA, whilst 43% had
mixed anion gap acidosis and hyperchloraemic meta-
bolic acidosis, and 11% developed hyperchloraemic
metabolic acidosis'*’; however, current data do not describe
patterns of acidosis on admission, and these differing
categories have no effect on the diagnosis or immediate
treatment of DKA. The fact that not all people fall into a
single category indicates the heterogeneity of the biochemi-
cal abnormalities observed in DKA. Hyperchloraemic
metabolic acidosis is most frequently observed in those
given large volumes of 0.9% sodium chloride solution
during the recovery phase of the admission'*.
Assessment of ketonaemia (that is, blood ketone
concentration) can be performed by the nitroprus-
side reaction in urine or serum or by direct measure-
ment of B-hydroxybutyrate in capillary blood, using
point-of-care testing or in the hospital laboratory®*.
Although easy to perform, the nitroprusside test meas-
ures acetoacetate and does not detect 3-hydroxybutyrate,
the main ketone in DKA™'¥. As plasma or urine aceto-
acetate concentration only accounts for 15-40% of the
total ketone concentration, relying on acetoacetate using
urine ketone testing alone is likely to underestimate the
severity of ketonaemia®'*. In addition, several sulfhy-
dryl drugs (for example, captopril) or medications such
as valproate, which are taken for comorbidities includ-
ing hypertension or epilepsy, give false-positive nitro-
prusside urine tests’>*". Using expired or improperly
stored test strips can give false-negative results, which
can also occur when urine specimens are highly acidic,
for example, after the consumption of large amounts of
vitamin C¥. In addition, the Joint British Diabetes
Societies for Inpatient Care strongly discourage the use
of urinary ketone tests**® and recommend direct meas-
urement of B-hydroxybutyrate from a blood sample to
assess ketonaemia in ambulatory and hospital care. A
more detailed explanation of the differences of urinary
and plasma ketone tests can be found elsewhere®.
Studies in adults and children with DKA have
reported a good correlation between B-hydroxybutyrate
and the severity of acidaemia measured from serum
bicarbonate concentration'*>'*". Bicarbonate concen-
trations of 18.0 and 15.0 mmol/l correspond to 3.0 and
4.4mmol/l of B-hydroxybutyrate, respectively, sug-
gesting that, when plasma ketone tests are unavailable,
a ‘best guess’ can be made according to the bicarbonate
concentration. Measurement of -hydroxybutyrate can
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also guide response to treatment. The UK guidelines rec-
ommend to intensify the treatment if the plasma con-
centration of B-hydroxybutyrate does not decrease by
0.5 mmol/l/hour following fluid and intravenous insulin
administration'®.

Many individuals with hyperglycaemic crises pres-
ent with combined features of DKA and HHS (BOX 1).
Previous work has reported that, among 1,211 patients
who had a first admission with hyperglycaemic crises
criteria based on the ADA guidelines®, 465 (38%) had
isolated DKA, 421 (35%) had isolated HHS and 325
(27%) had combined features of DKA and HHS. After
adjustment for age, sex, BMI, ethnicity and Charlson
Comorbidity Index score (which predicts the 1-year
mortality of a patient with a range of comorbidi-
ties), patients with combined DKA-HHS had higher
in-hospital mortality than patients with isolated DKA
(adjusted OR 2.7; 95% CI 1.4-4.9)""".

Systemic assessment

Upon hospital admission, immediate assessment of
the haemodynamic state and level of consciousness,
together with measurement of blood glucose, blood or
urine ketones, serum electrolytes, venous blood gases
and complete blood count should be performed. As part
of the rapid assessment of the individual, precipitants
for DKA should be sought, including recording an elec-
trocardiogram to exclude acute coronary syndrome and
repolarization abnormalities (that is, peaked T waves)
due to hyperkalaemia.

The systemic effect of DKA in adults depends on the
severity of acidaemia and circulatory volume depletion
(TABLE 1). However, one of the drawbacks of the ADA
classification is that the degree of acidaemia is imper-
fectly correlated with the patient’s level of consciousness®.
Other markers of severity, including ketone concentra-
tions (>6.0 mmol/l), venous pH (<7.0), hypokalaemia
on admission (<3.5 mmol/l), systolic blood pressure
(<90 mmHg), pulse rate (either >100 bpm or <60 bpm),
oxygen saturation (<92%, assuming it is normal at base-
line) and Glasgow Coma Scale score (<12), have been
suggested by the UK guidelines'*. The Glasgow Coma
Scale comprises subscale scores for behaviours (such as
eye opening and verbal and motor responses to stim-
uli), with a higher total score indicating a higher level of
consciousness of the patient'*. If breathing is compro-
mised owing to lethargy or coma, then urgent airway
management needs to be initiated with support of the
intensive care team.

In adults, mortality is often due to the underlying
precipitant such as infection or intercurrent illness. How-
ever, a lack of access to treatment might be the cause of
excess mortality in low-resource environments. In chil-
dren, mortality resulting from DKA is mainly the result of
cerebral oedema or cerebral injury. Thus, assessment
of consciousness level is of particular importance.

Prevention

In individuals with known diabetes mellitus, prevention
of DKA and hospital admission is feasible. ‘Sick day
rules’ are a simple set of instructions that patients can
follow when they are unwell for any reason. These rules
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state that — particularly in those with TIDM — insulin
must never be stopped, even if the individuals do not
consume solids or fluids'*’. Additionally, when unwell,
blood glucose concentrations should be measured every
few hours, and blood or urine ketone concentrations
should be measured at least twice a day. If ketones are
detected, increased insulin doses should be adminis-
tered. Maintaining good hydration is also important.
If vomiting due to illness is persistent, then hospi-
tal admission is often necessary. One study reported
that telephone consultations with nurses or diabetes
educators can help to prevent DKA admissions'".

Management

Most of the data regarding the management of DKA
come from North America, Europe and Australia. Data
from other parts of the world show a lack of accessibility
of treatments. Individuals living in areas of low socio-
economic status have no or limited access to insulin
owing to an inability to maintain ‘security of supply’'*.
Many studies have shown that, in parts of Africa, DKA
was the main cause of death in people who require
insulin who were admitted to hospital*-'*°.

Insulin therapy and fluid and electrolyte replace-
ment are the cornerstones of DKA treatment. The
aim is to correct acidaemia, restore normal circulatory
volume and normalize blood glucose concentrations
and acid-base disturbances to restore normal levels of
inflammatory and oxidative stress markers'**'*’.

Careful monitoring of the patient’s response to DKA
treatment and appropriate adjustments in treatment
based on this response are essential. Monitoring should
include tracking of blood pressure, pulse and respiratory
rate as well as accurate documentation of fluid intake
and output. For most patients, glucose levels should be
monitored hourly, and electrolytes (sodium, potassium,
chloride and bicarbonate), urea nitrogen, creatinine and
venous pH should be measured every 2-4 hours. Levels
of phosphate, calcium and magnesium are measured less
frequently (generally every 4-6 hours). Neurological
status should be monitored hourly using the Glasgow
Coma Scale' or similar assessments, for example, the
AVPU (alert, voice, pain, unresponsive) scale'*’. More
frequent monitoring (that is, every 30 minutes) might
be necessary for children with DKA and an impaired
cognitive status. There should be a low threshold for
moving individuals presenting with altered cognitive
status or severe metabolic derangement and those who
fail to improve after initial treatment to an intermediate
care unit (high dependency) or critical care unit in the
hospital'*’. Alternatively, people with ADA-classified
mild DKA (TABLE 1) who have normal cognition and are
able to eat and drink can be treated with oral fluids and
subcutaneous insulin in an acute care setting, potentially
avoiding hospitalization"'*.

The criteria for the resolution of a DKA episode
should be a combination of a blood glucose concen-
tration of <200 mg/dl (11.1 mmol/l), a serum bicarbo-
nate level of 218.0 mmol/], a venous pH of >7.30 and
a calculated anion gap of <14.0mmol/l (REF®). A serum
B-hydroxybutyrate concentration of <1.0 mmol/l can
also be used to determine the resolution of DKA.

In settings where -hydroxybutyrate measurements are
unavailable, normalization of the anion gap is the best
indicator of DKA resolution®.

Volume correction

Administration of intravenous fluid is the key to intra-
vascular volume correction, thereby improving renal
perfusion. The concomitant decrease in concentrations
of circulating counter-regulatory hormones also reduces
insulin resistance'”. In adults with DKA, the ADA and
UK guidelines recommend normal saline (0.9% sodium
chloride solution) for initial fluid replacement®"*’, admin-
istered at an initial rate of 500-1,000 ml/hour during the
first 2-4 hours. In an attempt to understand the best
resuscitation fluid to use in DKA, a study comparing
intravenous infusion of normal saline with Ringer’s lactate
(a mixture of sodium chloride, sodium lactate, potassium
chloride and calcium chloride) found no difference in
the time to resolution of DKA, although hyperglycaemia
resolved later in the Ringer’s lactate group'"'**. A poten-
tial ‘trap’ for the unwary is the development of hyper-
chloraemic metabolic acidosis due to excessive chloride
resulting from the administration of high volumes of
saline. This is because the concentration of chloride ions
is higher in 0.9% saline than in serum (154 mmol/l com-
pared with 100 mmol/1)°. Although there are generally
no acute adverse effects of hyperchloraemic metabolic
acidosis, its development can delay transition to sub-
cutaneous insulin treatment if the serum bicarbonate
concentration is used as an indicator of DKA resolution.
After restoration of intravascular volume, the serum
sodium concentration and state of hydration assessed
by blood pressure, heart rate and fluid balance should
determine whether the rate of normal saline infusion
can be reduced to 250 ml/hour or the infusion should be
changed to 0.45% sodium chloride (250-500 ml/hour)®.
A study has proposed different approaches for individual-
izing fluid treatment based on calculations of sodium and
fluid deficits'**. Plasma glucose concentrations typically
decrease to <200 mg/dl (11.1 mmol/l) before ketoacidosis
resolves. Thus, once the plasma glucose concentration is
~200mg/dl (11.1 mmol/l), the replacement fluids should
contain 5-10% dextrose (to prevent hypoglycaemia) to
allow continued insulin administration until ketonaemia
is corrected'.

In children (<18 years of age) with DKA, fluid deficits
can vary between 30 and 100 ml/kg, depending on the
duration of symptoms and the ability to maintain hydra-
tion. Clinical assessments (using capillary refill time, skin
turgor and other aspects of the physical exam) to esti-
mate the degree of fluid deficit are frequently inaccurate
in children with DKA'**-'*%; thus, average fluid deficits
of ~70 ml/kg should be assumed for most children. An
initial bolus of 10-20 ml/kg of 0.9% normal saline or
other isotonic fluid should be administered promptly
over 30-60 minutes to help to restore organ perfusion.
In children with hypovolaemic shock, the initial fluid
administration should be 20 ml/kg over 15-30 minutes.
Fluid boluses can be repeated, if necessary, on the basis of
the haemodynamic state. Such bolus fluid administration
is preferred in children to ensure more rapid tissue per-
fusion than can be achieved by slower continuous fluid
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infusion. Following the initial fluid bolus, the remaining
fluid deficit should be replaced over 24-48 hours, using
0.45-0.9% sodium chloride. In the 1980s and early 1990s,
slower administration of intravenous fluids was recom-
mended in paediatric patients with DKA to prevent
cerebral oedema'””"**. However, a large RCT (the Pedia-
tric Emergency Care Applied Research Network FLUID
Study) found no differences in acute or post-recovery
neurological outcomes in children with DKA treated
with rapid versus slower volume correction' or with the
use of 0.9% versus 0.45% sodium chloride. A sub-analysis
involving children with severe acidosis and cogni-
tive impairment showed that rapid volume correction
resulted in improved mental status during DKA treat-
ment'”. These findings are reassuring as they indicate
that variations in fluid treatment protocols are not the
cause of cerebral oedema or cerebral injury during DKA.

In both adult and paediatric DKA, the ‘two-bag’
method of fluid replacement is often used, whereby two
concurrent bags of fluid are used. Although both bags
have an identical electrolyte content (0.45% or 0.9% saline
with potassium), only one bag contains 10% dextrose.
The bag without dextrose is used initially as the resus-
citation fluid, and the dextrose infusion is added when
glucose drops to 200-250mg/dl (11.0-13.9mmol/l). The
two-bag method prevents the need to continually change
infusion fluids according to glucose concentrations'*-¢,

The measured serum sodium concentration at
presentation reflects the relative losses of sodium and
extracellular free water as well as the osmotic effect of
hyperglycaemia. Most adults and children with DKA
have mild hyponatraemia at presentation, which grad-
ually returns to the normal range of 135 to 145 mmol/l
as blood glucose levels decline and water moves back
into intracellular space. The measured sodium concen-
tration has been proposed to decline by 1.6 mmol/l for
every 100mg/dl (5.5 mmol/l) rise in the serum glucose
concentration above the normal range, such that a ‘cor-
rected’ sodium concentration can be calculated as the
measured serum sodium concentration + 1.6 x ((glucose
concentration in mg/dl — 100)/100). This theoretically
determined correction factor was found to correlate with
empirical data from a study of children with DKA'®.
Alternative correction factors have also been proposed,
and tracking the corrected sodium concentration during
treatment can be useful for monitoring the adequacy of
the relative rates of fluid and sodium administration'**'®,

Insulin administration

Most people with DKA are treated with an intravenous
insulin infusion until the DKA has resolved and the
patients are eating and drinking normally, at which time
they will be transferred to subcutaneous insulin.

Intravenous infusion. In most adults with DKA, a con-
tinuous intravenous infusion of regular (soluble) insulin
is the treatment of choice. In many hospitals, intravenous
fluids are administered whilst the intravenous insulin
infusion is being prepared”. In adults, many treatment
protocols recommend the administration of an insulin
(0.1 units/kg) bolus intravenously or intramuscularly if a
delay in obtaining venous access is anticipated, which is
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immediately followed by fixed-rate intravenous insulin
infusion at 0.1 units/kg/hour. Once the blood glucose
concentration is ~200 mg/dl (11.0 mmol/l), the insulin
infusion rate is adjusted to 0.02-0.05 units/kg/hour, and
5% dextrose is added to the infusion to maintain glucose
concentrations of 140-200mg/dl (7.8-11.0 mmol/l) until
resolution of ketoacidosis®.

For treatment of DKA in children, the International
Society for Pediatric and Adolescent Diabetes guidelines
recommend intravenous administration of regular insu-
lin as a continuous infusion at 0.1 units/kg/hour (REF?),
which should be started immediately after the initial
intravenous fluid bolus(es). Intravascular volume expan-
sion before insulin administration is particularly impor-
tant in children who present with very high glucose levels
and hyperosmolality because intravascular volume will
decline substantially as the hyperosmolar state resolves.
An initial bolus of insulin is not necessary, as continuous
intravenous insulin infusion rapidly achieves steady state
serum insulin levels'®>'””. A few small studies reported
that insulin infused at 0.05 units/kg/hour can resolve
hyperglycaemia over a similar time frame to the stand-
ard dosage of 0.1 units/kg/hour (REFS'**"'"%). This lower
dosage might be considered for very young children
(aged <6 years) or others with greater insulin sensitiv-
ity for whom the standard dosage might not be neces-
sary'®®. In general, intravenous insulin is recommended
for treating children with DKA owing to unreliable sub-
cutaneous insulin absorption in the volume-depleted
state. However, subcutaneous administration can be
used in children with mild DKA (TABLE 1) or in situa-
tions when intravenous administration is not possible.
When the serum glucose concentration decreases to
~250mg/dl (13.9mmol/l), intravenous fluids containing
dextrose should be used to maintain the serum glucose
concentration at ~100-150 mg/dl (5.5-8.3 mmol/l) while
maintaining the total fluid infusion rate®.

Maintenance insulin therapy. Once biochemical res-
olution of DKA is achieved and the patient is eating
and drinking normally, subcutaneous insulin therapy
can be started in adults as well as children. Adults with
newly diagnosed diabetes mellitus or those who have not
previously received insulin should be started on a total
insulin dosage of 0.5-0.6 units/kg/day. Patients who were
already on subcutaneous insulin before DKA admission
should resume their previous insulin regimens.

For most adults, a basal bolus regimen (that is, rapid-
acting insulin given with each meal as well as a once
or twice daily administered long-acting basal insulin) is
preferred over the use of regular insulin because of the
lower rate of in-hospital hypoglycaemia despite similar
glucose control'”". In children, insulin regimens differ
depending on the centre; however, basal bolus regimens
are generally preferred. Previous work has shown that
the administration of frequent doses of subcutaneous
rapid-acting insulin analogues (given every 1-2 hours)
can be an acceptable alternative to an intravenous insu-
lin infusion as both treatments resolve DKA in a sim-
ilar time'”>"'”*, In adults and children, subcutaneous
rapid-acting insulin is given as a bolus of 0.2 units/kg at
the start of treatment, followed by 0.1-0.2 units/kg
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every 1-3 hours until the blood glucose concentration
is <250 mg/dl (13.9 mmol/l), then the dose is reduced
by half and continued every 1-2 hours until resolu-
tion of DKA'”>'”°. The total insulin daily dose is gen-
erally 0.7-0.8 units/kg/day in the prepubertal child and
1.0-1.2 units/kg/day in the pubertal adolescent”®.
Clinical trials and meta-analyses that compared
continuous subcutaneous insulin infusion (CSII) with
discrete subcutaneous insulin doses (for example, basal
bolus regimens) have shown small but significant reduc-
tions in HbA _and in the risk of severe hypoglycaemia
in those receiving CSII. In addition, these studies have
found an increased risk of developing ketoacidosis
with CSII primarily due to device malfunction and/or
catheter occlusion'”’~'”?, a finding confirmed by the UK
National Diabetes Pump Audit®. However, the use of
frequent home glucose monitoring has reduced this
complication considerably'”®. In adults and children,
intramuscular administration of rapid-acting insulin
is also effective. However, this route is more painful
than subcutaneous injections and potentially would be
contraindicated in those taking anticoagulants®'*-'¢!,

Potassium replacement

Nearly all patients with DKA have substantial potass-
ium deficits at the time of presentation, and potas-
sium replacement is almost always required (BOX 2).
At presentation, serum potassium concentrations are
frequently normal or slightly elevated despite total body
deficits. As insulin treatment starts, ketone produc-
tion is suppressed, and the acidosis begins to resolve.
In addition, insulin drives potassium back into the cell,
and the individual can become profoundly hypokalae-
mic. Hypokalaemia occurs frequently despite aggressive
potassium replacement’'*, and frequent monitoring
of potassium during the first few hours of treatment
is an essential part of managing DKA®'*’. Because of
potentially rapid shifts in potassium and the possible
risk of developing cardiac arrhythmias, continuous car-
diac monitoring is recommended in all cases in which
potassium is being administered at >10 mmol/hour.

Box 2 | Current potassium replacement guidelines

Adults

e K*25.5 mmol/l: no supplementation is required owing
to the risk of precipitating cardiac arrhythmias with
additional potassium

 K*4.0-5.0mmol/l: 20 mmol/l of replacement fluid

* K*3.0-4.0 mmol/l: 40 mmol/l of replacement fluid

* K* <3.0mmol/l: 10-20 mmol per hour until serum K*
>3.0mmol/l, then add 40 mmol/l to replacement fluid

Children

* K* >5.0mmol/l: delay potassium administration until
K*<5.0mmol/l

 K*3.5-5.0 mmol/l: add 40 mmol/l of potassium
to the infusion after administering the initial fluid
replacement bolus

* K* <3.5 mmol/l: begin 40 mmol/l of potassium
replacement as soon as possible and delay insulin
administration until potassium level is normal

Two studies showed that, within 24-48 hours of
admission, potassium levels declined, on average,
from 4.8 + 1.0 and 4.9 £ 1.1 to 3.65 £ 0.66 and 3.66 +
0.6 mmol/l, respectively, among adults with DKA*>'*!,
The development of severe hypokalaemia (<2.5 mmol/l)
was associated with increased mortality (OR 3.17; 95%
CI 1.49-6.76)'*". The association between hypokalae-
mia within 48 hours and mortality remained significant
after adjusting for demographic variables and metabolic
parameters on admission, suggesting that hypokalaemia
is most likely the cause of increased mortality and not
any other confounding factors.

In patients who develop symptomatic hypokalaemia
(muscle weakness and cardiac arrhythmia), potassium
replacement should be started, and insulin administra-
tion should be delayed until the potassium concentration
has risen to >3.3 mmol/l. A survey of the management of
DKA in the UK showed that an intravenous insulin infu-
sion rate of 0.1 units/kg/hour was associated with 55% of
adults developing hypokalaemia®. Although no harm was
associated with this hypokalaemia, this survey provides
support for the practice of reducing the insulin infusion
rate to 0.05 units/kg/hour after glucose levels decline.

Similar to adults, hypokalaemia is rarely present in
children before DKA treatment. In these rare cases, ear-
lier and more aggressive potassium replacement is nec-
essary, and the insulin infusion should be delayed until
urine output is documented and serum potassium has
been restored to a near normal concentration®. Serum
potassium levels should be monitored every 2-4 hours,
and the potassium concentration in intravenous fluids
should be adjusted to maintain normal potassium levels.
A cardiac monitor or frequent electrocardiograms should
be considered during intravenous potassium replacement.

The choice of potassium salts to use for replacement
has been a subject of debate. Adult protocols typically
recommend potassium chloride alone, but paediatric
protocols often recommend using a mixture of potas-
sium chloride and potassium phosphate or potassium
acetate” to reduce the chloride load, thereby diminishing
the risk of hyperchloraemic acidosis.

Bicarbonate administration

Treatment with intravenous bicarbonate is not rou-
tinely recommended for adults or children with DKA.
The time to biochemical resolution, length of hospital-
ization or mortality have not been shown to improve
with bicarbonate treatment'**-'%*. Bicarbonate therapy
might increase the risk of hypokalaemia, slow the reso-
lution of ketosis, cause paradoxical increases in cerebral
acidaemia due to an increase in tissue partial pressure
of carbon dioxide (pCO,) and increase the risk of cer-
ebral injury'*®'¥. Some commentaries have suggested
that specific subsets of adults with DKA might benefit
from bicarbonate administration; however, data from
randomized trials are lacking™.

Phosphate replacement

Similar to potassium, serum phosphate concentrations
are typically normal at presentation, but intracellular
depletion is present, and serum concentrations decline
during DKA treatment. Phosphate replacement is
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necessary in those with a serum phosphate concentra-
tion of <1.0-1.5mg/dl (0.3-0.5mmol/1)*. The inclu-
sion of phosphate in the infusion has been proposed
to diminish the risk of hypophosphataemia, which
has been associated with severe complications in
some patients, including rhabdomyolysis (breakdown
of skeletal muscles), renal failure, respiratory failure,
arrhythmias and haemolytic anaemia’'*-""!. Thus, for
individuals with cardiac dysfunction, anaemia or res-
piratory depression, phosphate replacement should be
strongly considered. Concern over phosphate replace-
ment mainly centres on an increased risk of hypocal-
caemia; however, studies documenting hypocalcaemia
with phosphate replacement used more aggressive
phosphate replacement than recommended in current
protocols'”. Studies in the 1980s found increases in lev-
els of 2,3-disphosphoglycerate (which liberates oxygen
from haemoglobin in peripheral tissues) in red blood
cells with phosphate replacement but did not detect any
beneficial effect of phosphate replacement on clinical
outcomes'**'**. However, the sample size for these stud-
ies was very small, and the statistical power to detect
differences in outcomes was very limited. Phosphate
levels should be monitored during treatment at least
every 4-6 hours, although more frequent monitor-
ing (every 2-3 hours) is recommended for those not
receiving phosphate replacement.

Cerebral injury

Among the severe complications of DKA, cerebral injury
is the most well recognized (TABLE 3). Although rare in
adults, severe cerebral injury occurs in 0.3-0.9% of DKA
episodes in children'**"*>* and is associated with a high
mortality (21-24%) and permanent neurological mor-
bidity (20-26%)'%>!°>1*%, Risk factors for cerebral injury
include severe acidaemia and severe deficits in circula-
tory volume'*'*>". Younger children (<5 years) are at
increased risk for DKA-related cerebral injury, reflecting
the greater severity of DKA at presentation in this age
group in whom symptoms of diabetes mellitus can be
less apparent and B-cell destruction is often aggressive.
Although severe cerebral injury occurs in <1% of chil-
dren with DKA, mild cerebral injury occurs much more
commonly — possibly in the majority of children'*”'%.
Subtle deficits in memory, attention and intelligence
quotient have been reported in children with TIDM
with a history of DKA compared with children with
T1DM without a DKA history'”-*"". These differences
persist after adjusting for HbA,_and demographic fac-
tors. Microstructural and macrostructural alterations,
such as increased total white matter volume, and other
changes in the frontal, temporal and parietal white
matter in the brain have also been associated with DKA
in children'”.

Cerebral injury can exist at the time of presenta-
tion, before starting treatment, but is more common
during the first 12 hours of treatment'*>'***">, Changes
in mental status, onset of headache during DKA treat-
ment and recurrence of vomiting are indicative of
cerebral injury’”. Cerebral oedema may be found on
imaging studies, but many individuals have no detect-
able imaging abnormalities at the time of neurological
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deterioration, suggesting that cerebral oedema and/or
infarction can develop hours or days after treatment
has started””. Thus, treatment for DKA-related cerebral
injury should not be delayed while awaiting imaging
studies. Treatment involves administration of manni-
tol or hypertonic saline, both of which induce osmotic
shifts of fluid from within the intracellular space into the
vascular compartment.

The precipitating illness

The most common precipitant of DKA in adults is infec-
tion, varying from gastrointestinal upset, with diarrhoea
and vomiting, to chest or urinary tract infections. These
precipitating illnesses need to be treated at the same time
as DKA. In addition, non-infectious illnesses, such as
acute coronary syndrome, that precipitate DKA need to
be evaluated and addressed at the time of presentation.
In children, episodes of DKA generally occur at onset
or time of diagnosis of diabetes mellitus or because of
insulin omission. Serious intercurrent illnesses are
rarely present, and routine investigation for precipitating
causes of DKA is unnecessary.

Quality of Life

The UK National Institute for Health and Care Excellence
(NICE) systematically reviewed the evidence for the
management of DKA and found no studies in adults that
evaluated quality of life*”*. However, fear of DKA is one
of the factors affecting the quality of life in those with
T1DM**. Of note, despite the decreased quality of life
experienced by those with T1DM, recurrent DKA does
not contribute to further reductions*. The development
of any systemic or neurological injury can also lead to a
reduction in quality of life, and prevention of these com-
plications remains a priority’”. As mentioned previously,
DKA remains an expensive condition to treat®”’; these
costs place huge burdens on those who have to pay for
these themselves and on society in general.

Other complications

DKA is associated with a wide range of complications.
For example, hypokalaemia and hypoglycaemia are the
most frequent complications of DKA treatment but are
generally mild and easily treated with ongoing careful
biochemical monitoring®**. Other important compli-
cations of DKA include the development of a hyper-
coagulable state with increased risk of deep venous
thromboses, particularly when central venous cath-
eters are used to gain intravenous access if peripheral
access was not possible owing to severe dehydration®”.
DKA also frequently causes acute kidney injury (AKI)
in children. In one study, 64% of children with DKA
were found to have AKI; >50% had stage 2 or stage 3
AKI, suggesting renal tubular injury rather than simply
pre-renal uraemia due to circulatory volume depletion
with renal hypoperfusion®®. Other complications of
DKA are rare (TABLE 3).

Patients with DKA with chronic poor glycaemic
control are uniquely susceptible to rhinocerebral or
pulmonary mucormycosis*”’, which is frequently fatal.
Acidotic conditions decrease iron binding to transfer-
rin, creating conditions that support fungal growth.

NATURE REVIEWS | DISEASE PRIMERS | Article citation ID:

(2020) 6:40

13




PRIMER

Table 3 | Complications of DKA?

Complication

Cerebralinjury

Acute kidney injury

Large vessel
thromboses

Subclinical interstitial

pulmonary oedema

Symptomatic
pulmonary oedema

Pancreatic enzyme
elevation

Pancreatitis

Prolonged QTc

Subtle or asymptomatic

diastolic dysfunction

Symptomatic
cardiomyopathy

Rhabdomyolysis

Asymptomatic
hypophosphataemia

Severe or symptomatic

hypophosphataemia

Intestinal necrosis or
Gl bleeding

Frequency

0.3-0.9% of children,
rare in adults

30-64% of children,
50% of adults

50% of children
with central venous
catheters®

Commonin
children®

Rare in adults
and children

20-30% of children,
16-29% of adults

2% of children,
10-11% of adults

47% of children®

47% of children®

Rare in adults and
children

16% of adults,10%
of children

Up to 90% of adults*

Rare in adults and
children

Rare in children,
upper Gl bleeding
in 9% of adults

Description

Cerebral oedema; cerebral thromboses,
haemorrhage and infarction; posterior reversible
encephalopathy syndrome has also been
described

Stage 1 (pre-renal) is most common, but stage 2
and stage 3 occur in substantial numbers of
patients (children); rare episodes of renal failure;
some episodes of renal failure associated with
rhabdomyolysis (adults and children)

Rare reports in children of stroke and other
thromboses not associated with central venous
catheter use; thrombophilia in some cases in
children; fatal pulmonary thromboembolism
as well as thromboses in other regions in adults

Generally subclinical, but rare episodes of ARDS
have been described; episodes of simultaneous
pulmonary oedema and cerebral oedema are
described in both adults and children

Acute pancreatitis, sometimes associated with
hypertriglyceridaemia or alcohol; asymptomatic
pancreatic enzyme elevation without acute
pancreatitis is common in both children and
adults; pancreatitis is rare in children

Prolonged QTc occurs commonly but is
asymptomatic; Brugada pattern of arrhythmia has
been described in multiple adult and paediatric
case reports; electrolyte abnormalities, including
hypophosphataemia, have been shown to cause
rare episodes of arrhythmia

Asymptomatic elevations of cardiac troponin

| and CK-MB detected in children; might be
associated with systemic inflammatory response;
possibly associated with thiamine deficiency

Often subclinical; occurs more frequently in
HHS but also described in DKA; some cases are
associated with hypophosphataemia; severe
rhabdomyolysis is mainly described in mixed
DKA and HHS and in severe hypophosphataemia

Asymptomatic hypophosphataemia is common;
case reports of severe hypophosphataemia
causing rhabdomyolysis, renal failure, haemolytic
anaemia, arrhythmia and respiratory failure

Intestinal necrosis thought to be related to
hypoperfusion and microangiopathy; intestinal
necrosis is described in children and adolescents
but not in adults; upper Gl bleeding is frequent
in adults, which might be related to acid reflux
during DKA

Risk factors

Impaired renal function, low pH,
low pCO,, lack of rise in measured
serum Na* during DKA treatment,
low Na* at presentation and high K*
at presentation

High acidaemia (children), high
heart rate (children), high corrected
Na* concentration (children), older
age, high glucose concentration
(adults) and low serum protein
concentration (adults)

Central venous catheter use; DKA
causes a hypercoagulable state

Hypokalaemia or hypophosphataemia
in some cases in adults and children

High acidaemia, impaired renal
function and hypophosphataemiain
adults and children

High anion gap (QTc), hypokalaemia,
hypophosphataemia and
hyperkalaemia in adults and children

High acidaemia and presence of the
systemic inflammatory response

Low pH, impaired renal function,
high glucose and Na* concentrations,
hypophosphataemia and increased
osmolality

High acidaemia

Impaired renal function and high
glucose levels

Refs

186,195,203,
239-241

208,242,243

244-247

248,249

250-252

253-258

259-262

191,263-266

98,188-191

267,268

ARDS, acute respiratory distress syndrome; CK-MB, creatine kinase-myocardial band; DKA, diabetic ketoacidosis; Gl, gastrointestinal; HHS, hyperglycaemic
hyperosmolar state; pCO,, partial pressure of carbon dioxide; QTc, corrected QT interval. “Hypoglycaemia and hypokalaemia are well known complications of DKA
treatment that occur commonly and are not included here as they are discussed extensively in the text. ®Rates in adults are unknown. “Rates in children unknown.

Some rare complications of DKA include cardiac
arrhythmias due to electrolyte derangements, intestinal
necrosis, pulmonary oedema and pneumomediasti-
num (abnormal presence of air in the mediastinum),
which might be associated with pneumothorax and is
thought to be caused by protracted vomiting and hyper-
ventilation”'**"". Multiple organ dysfunction syndrome

is another rare complication of DKA causing multiple
organ failure, which may be associated with thrombo-
cytopenia in children; reported cases in adults often
involve elevated liver enzymes, elevated pancreatic
enzymes and renal dysfunction®**". Peripheral neuro-
pathy has been reported in children and might occur
in association with other DKA complications, including
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cerebral injury or disseminated intravascular coagula-
tion*"*-*, Other isolated case reports have described rare
neurological complications, including cerebellar ataxia,
movement disorder (choreiform movements and pill
rolling tremor) and hemiparesis in children”.

Outlook

Increasing numbers of DKA hospitalizations highlight
the need for targeted programmes to prevent DKA at
new onset of diabetes mellitus and recurrent episodes of
DKA in children and adults with previously diagnosed
diabetes mellitus. Education and the implementation of
protocols aimed at maintenance insulin administration
after discharge might reduce lapses in treatment and
are a cost-effective way to reduce future risk of hospi-
talization for hyperglycaemic emergencies®”’. Several
strategies, including early screening, close follow-up of
high-risk individuals (for example, those with multi-
ple admissions), availability of telephone support from
diabetes specialist nurses, and education of parents and
communities, have been proposed'*'*. Studies have
reported a reduced incidence of DKA when parents were
made aware of the increased risk of diabetes mellitus in
their children (due to the presence of autoantibodies)**'.
Similarly, another study showed that close follow-up
of high-risk children in the prediabetes stage reduced
hospitalizations for DKA?*. In Italy, a prevention pro-
gramme educating parents, paediatricians and school
staff reduced the number of children presenting with
DKA at initial diagnosis of diabetes mellitus*”. In 1991,
when the study started, this programme cost $23,470 to
deliver and led to a reduction of DKA as the presenting
feature of diabetes mellitus from 78% to 12.5% over the
8 years of follow-up. Thus, delivering targeted educa-
tion to those who have most contact with children might
be beneficial.

Clinical priorities

More intensive coordination of care with patients and
increased family engagement are some of the additional
strategies for the prevention of recurrent episodes of
DKA. The Novel Interventions in Childrens Healthcare
programme uses care coordination with the family
and telemedicine as a part of the preventive strategy to
engage young people with multiple hospitalizations for
DKA?*. This work used text messages and other forms
of communication with the adolescents and showed that
daily communication decreased DKA readmissions.
Furthermore, the Type 1 Diabetes Exchange programme
showed that the use of new technology, such as insulin
pumps and real-time continuous glucose monitoring,
could be useful in preventing recurrent DKA?*-2",

In the 1990s, the use of CSII or insulin pumps was
associated with an increased risk of DKA in children
and adults with T1DM?*. However, a series from 2017
reported a low incidence of 1.0 case/100 patient-years*”.
An analysis of 13,487 participants (aged 2-26 years) in
the T1DM Exchange clinic registry found a lower inci-
dence of DKA in those treated with CSII than in patients
treated with multi-dose subcutaneous insulin injec-
tions**’. However, as these individuals were looked after
in specialist diabetes centres in the USA, rates of DKA
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amongst those cared for in other centres may be higher.
Similarly, in a German study of children with T1DM,
those who used CSII had lower rates of DKA than those
receiving insulin by injection (2.29 versus 2.80 per
100 patient-years)*', suggesting that increasing CSII
use might be an alternative method for reducing DKA
incidence. However, pump use is expensive and requires
access to specialist centres with appropriate expertise.

Patients with treatment adherence problems account
for a disproportionate number of recurrent DKA epi-
sodes. In the USA, 50% of first episodes of DKA in adults
with T2DM and ~80% of recurrent DKA episodes are
caused by poor compliance with therapy". In the UK,
adults who had attended a structured diabetes education
programme and were on a flexible basal bolus insulin
dosing regimen based on individualizing carbohydrate
ratios at each meal experienced a 61% reduction in risk
for DKA**. Similarly, a multidisciplinary, multipronged
approach incorporating more flexible intensive insulin
regimens, standardizing diabetes education and empow-
ering community engagement reported a 44% reduc-
tion in DKA admissions in those with TIDM?**. Future
strategies to increase treatment adherence, combining
increased education, motivational interviews and patient
support technology (continuous glucose monitoring,
CSII, telephone support, text and e-mail messaging), are
needed to improve adherence to therapy and to reduce
the risk of DKA.

In less developed parts of the world, efforts need to be
made to ensure easy availability of insulin at an afforda-
ble price. Insulin and 0.9% saline solution are on the
WHO list of essential medicines**. Education of local
health-care providers also remains key to the recognition
of DKA as well as prompt access to health-care facilities
with the ability to administer appropriate care.

Unmet needs and areas for future research

To date, many of the guidelines used to treat DKA have
evolved over time, largely based on consensus and opin-
ion. Thus, large RCTs are needed to help to determine
the best management options, including optimizing
electrolyte content of intravenous fluids (for example,
Ringer’s lactate versus 0.9% saline)'*"'"*>**, In addition,
further investigations are necessary to determine the
optimal rates and techniques for insulin administra-
tion**. Additional studies are also needed to determine
the ideal combination of potassium salts for replace-
ment. In essence, most stages of the patient journey
from the time of diagnosis and admission to the time
of discharge have areas of uncertainty that need good
quality data to help to improve overall patient manage-
ment. Furthermore, the advent of closed loop systems
for those with T1DM, in which the subcutaneously
implanted interstitial glucose sensor is wirelessly linked
to an insulin pump, and other ‘artificial intelligence’
systems may also improve outcomes. These have been
shown to improve time in glucose range and, therefore,
the likelihood of developing hyperglycaemia and sub-
sequent DKA may be reduced””**; however, this is yet
to be determined.
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