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Abstract

Respiratory failure complicating the course of diabetic
ketoacidosis (DKA) is a source of increased morbidity
and mortality. Detection of respiratory failure in DKA reg-
uires focused clinical monitoring, careful interpretation
of arterial blood gases, and investigation for conditions
that can affect adversely the respiration. Conditions that
compromise respiratory function caused by DKA can be
detected at presentation but are usually more prevalent
during treatment. These conditions include deficits of
potassium, magnesium and phosphate and hydrostatic or
non-hydrostatic pulmonary edema. Conditions not caused
by DKA that can worsen respiratory function under the
added stress of DKA include infections of the respiratory
system, pre-existing respiratory or neuromuscular disease
and miscellaneous other conditions. Prompt recognition
and management of the conditions that can lead to
respiratory failure in DKA may prevent respiratory failure
and improve mortality from DKA.

Key words: Diabetic ketoacidosis; Respiratory failure;
Hypokalemia; Hypomagnesemia; Hypophosphatemia;
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Pneumonia; Neuromuscular disease

July 25,2015 | Volume 6 | Issue 8 |



Konstantinov NK ef a/. Respiratory failure in DKA

© The Author(s) 2015. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: Despite progress in its management, diabetic
ketoacidosis (DKA) continues to cause significant
morbidity and mortality. One of the conditions aggrav-
ating the course of DKA and causing several deaths is
respiratory failure, which can be detected at presentation
or, more frequently during the course of treatment of
DKA. Several risk factors for respiratory failure in DKA
are preventable. Early recognition and management
of these risk factors, as well as early recognition of
respiratory failure have the potential to improve both
morbidity and mortality resulting from DKA.
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INTRODUCTION

Ketoacidosis in subjects with type 1, or less frequently,
type 2 diabetes mellitus remains a potentially life-
threatening diabetic manifestation. The subject has
justifiably attracted attention in the literature. Sequential
reviews!® have documented important changes in the
clinical concepts that are related to diabetic ketoacidosis
(DKA) and its management. A large number of case
series of DKA have addressed various aspects of its clini-
cal presentation and management. For this review, we
selected representative studies focused on management,
outcome, age differences, gender differences, associated
morbid conditions, ethnicity and prominent clinical and
laboratory features!'®**,

In recognition of the complexity of treatment, the
recommendation to provide this care in intensive care
units was made more than 50 years ago”®®. Severe DKA
is treated in intensive care units today™. Evidence-
based guidelines for the diagnosis and management
of DKA have been published and frequently revised in
North America®~® and Europe™. Losses of fluids and
electrolytes, which are important causes of morbidity
and mortality in DKA, vary greatly between patients.
Quantitative methods estimating individual losses and
guiding their replacement have also been reported™®*4,

The outcomes of DKA have improved with new
methods of insulin administration™*” and adherence to
guidelines™*®!, The aim of treatment is to minimize
mortality and prevent sequelae. One study documented
that the target of zero mortality is feasible!*”. However,
mortality from DKA, although reduced progressively
in the early decades after the employment of insulin
treatment™, remains high. Up to fifty plus years ago,
mortality from DKA was between 3% and 10%™*. A
recent review reported a death rate from hyperglycemic
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crises of 7.5% in the United States, with greater mortality
from hyperglycemic hyperosmolar state (HHS) than
from DKA™. Reported mortality from DKA varies among
age groups and countries. In various academic medical
centers, death rate from DKA was < 1%*?! and < 2%
among adult patients younger than 65 years™ in the
United States, 0.4% in Japanese children without and
4.7% with coma™, 6.5% in adult Mexican patients™,
4.1% in adult Israeli patients™ without differences bet-
ween men and women'®, 5.8% in adult Thai patients™”,
3.6% in adult Nigerian patients®®”, around 13% in Indian
children™*, and 22% in American patients older than
65 years, In an autopsy study, DKA was identified as a
major cause of death in diabetic patients™®.

One general observation impacting the outcome
of DKA is that its management is not always optimal.
Several reports documented varying degrees of non-
adherence to guidelines!*®!, despite their proven
effectiveness. The last of these reports also documented
an increasing prevalence of DKAPY, In addition to
adherence to guidelines, efforts to reduce mortality
from DKA should focus on individual causes of death.
Causes of death in DKA were analyzed in several
studies®*>?73%3432331  Cerebral edema and sepsis were
the two most common causes. In a study from Greece
reporting a 12.9% death rate, multivariate analysis
identified the following as predictors of mortality from
DKA: co-morbidities, severe acidemia at presentation
(arterial blood pH < 7.0), high dose of insulin and
persistence of hyperglycemia, and the development of
coma or fever during treatment®®". Another study from
Indonesia reporting 40% death rate identified coma
plus high serum lactate levels (> 4 mmol/L) as poor
prognostic factors®.

In this review, we analyzed the causes, mechanisms,
management and prevention of respiratory failure which
is one of the causes of death in DKA. Respiratory or
cardiorespiratory deaths were reported in several series
of DKAP*?7313447] Raspiratory failure may either be
recognized at presentation or, more frequently, develop
during the course of treatment of DKA. The main purpose
of the review is to underline the diagnosis, pathogenesis,
management and, in particular, prevention of respiratory
failure in DKA through proper management.

DIAGNOSIS OF RESPIRATORY FAILURE

IN DKA

The key features establishing the diagnosis of DKA are
the presence of metabolic acidosis and large amounts of
ketones (acetone, acetoacetic acid, beta-hydroxyburyric
acid) in serum and urine. Hyperglycemia may be absent
in some patients complicating the diagnosis of DKAP®,
DKA should be differentiated from other conditions
producing increased ketone formation including alcoholic
ketoacidosis and starvation ketosis. Lactic acidosis from
sepsis or hypovolemia is another type of metabolic
acidosis which occurs frequently during the course of
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Figure 1 Arterial PCO: response to serum bicarbonate concentration in diabetic ketoacidosis. The draft, which was drawn using Fulop’s regression equation

shows the mean and 95%Cl of this response.

both DKA and HHS that should be differentiated from
DKA. Serum lactate level should be measured in all
patients with hyperglycemia and metabolic acidosis.

Assessment of the severity of DKA is primarily
based on the degree of the acid-base disturbance. The
most recent version of the United States guidelines for
hyperglycemic crises in adults™ set three levels of DKA
severity: mild, moderate and severe. Criteria common
to all three categories included plasma glucose > 250
mg/dL, positive serum and urine ketone test, and
variable levels of effective serum osmolality, calculated
as [2 x (serum sodium) + (serum glucose.mg/dL)/18].
The criteria that differed between the three categories
were arterial blood pH (mild: 7.25-7.30, moderate: 7.00
to < 7.25, severe: < 7.00), plasma bicarbonate ([HCOs]p,
mild: 15-18 mEq/L, moderate: 10 to < 15 mEqg/L,
severe: < 10 mEg/L), serum anion gap calculated as
[serum sodium - (serum chloride + serum bicarbonate)]
(mild: > 10 mEg/L, moderate: > 12 mEg/L, severe: >
12 mEg/L) and mental status (mild: alert, moderate:
alert/drowsy, severe: stupor/coma). The European
guidelines for DKA in children™ classify the severity of
DKA only by the magnitude of metabolic acidosis (mild:
venous pH < 7.30, [HCOs]p: < 15 mEg/L. Moderate: pH
< 7.20, [HCOs]p: 10 mEg/L. Severe: pH < 7.10, [HCOs]p:
< 5 mEg/L).

In addition to its use in the diagnosis of DKA and
establishing its severity, blood gas analysis provides two
objective criteria for assessing the presence and severity
of respiratory failure complicating DKA. The universal
feature of respiratory failure is hypoxemia. Arterial
blood PO: (Pa0:2) at room air should be evaluated in all
patients presenting with DKA. The second parameter
of arterial blood gases that allows detection of respi-
ratory failure in DKA is the arterial PCO: (PaCO2). The
application of PaCO: in the detection of respiratory
failure complicating DKA merits some discussion.

It has been known for a long time that there is a
predictable alveolar ventilatory compensation, within
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narrow limits, to a given degree of metabolic acidosis™ >,

In its simplest form, this compensation is expressed as
PaCO: as a function of [HCOs]p. The ventilatory response
to metabolic acidosis was analyzed by Fulop®” in a series
of 27 episodes of DKA uncomplicated by lactic acidosis
or other acid-base disturbances. Fulop derived the follo-
wing regression equation, which is almost identical to
the original Winters equation®” that was derived from
several types of metabolic acidosis: PaCO2, mmHg = 7.27
+ 1.57 x ([HCOs]p, mEg/L])

Figure 1 shows the 95% confidence area defined
by Fulop’s study. Fulop’s diagram should be used to
evaluate every case of DKA. This diagram may assist
in the detection of associated other primary acid-
base disorders, for example metabolic alkalosis from
vomiting™. In addition, its use is critical for the detection
of respiratory abnormalities accompanying the DKA.
Fulop’s diagram allows detection of an associated primary
respiratory alkalosis. In this instance, the measured
PaCO: is below the corresponding low 95% confidence
limit in the Fulop diagram. Primary respiratory alkalosis
is not rare in DKA®*>®*), Detection of primary respiratory
alkalosis in a patient with DKA has great importance
because it often provides a clue for the presence of
sepsist® which is the underlying cause of DKA in many
instances®™*, respiratory distress secondary to cerebral
edema, and other causes of respiratory alkalosis.

The second critical use of Fulop’s diagram is in the
detection of respiratory failure complicating DKA. In this
case the PaCO: value is higher than the corresponding
upper limit for PaCO: in the Fulop diagram. Such a
finding should lead to a systematic search for potential
causes of respiratory failure and frequent monitoring
of the respiratory status of the patient including arterial
blood gases.

Detection of respiratory failure in DKA is not based
only on Pa0: and PaCO: values. A diligent search for
coexisting conditions adversely affecting the respiratory
function has also great importance. Respiratory failure is

July 25,2015 | Volume 6 | Issue 8 |



Konstantinov NK ef a/. Respiratory failure in DKA

Table 1 Risk factors for respiratory failure in diabetic

ketoacidosis

Depletion of primarily intracellular ions
Potassium
Magnesium
Phosphate
Pulmonary edema
Hydrostatic (cardiogenic)
Non-hydrostatic (adult respiratory distress syndrome)
Respiratory tract infections
Pneumonia
Infections of the airways
Miscellaneous conditions
Neuromuscular disease
Non-infectious diseases of the respiratory tract
Other

more often encountered during treatment of DKA than
at its presentation, as will be shown later. Consequently,
vigilance for any clinical or laboratory clue suggesting
development of respiratory failure should be maintained
throughout the treatment of DKA.

One potential pitfall of Fulop’s equation is that it
may not compute the respiratory response to profound
degrees of DKA with accuracy. Soubani et af®"! suggested
that there are limits for hyperventilation resulting from
metabolic acidosis or sepsis. Subsequently, Guh et
al® derived different regression equations of PaCO: on
[HCOs]p in DKA patients with arterial pH > 7.10 (PaCO:2
= 6.6 + 1.65 x [HCOs]p) and those with arterial pH <
7.10 (PaCO:2 = 2.88 + 3.18 x [HCOs]p). The regression
equation for DKA with moderate acidemia was similar to
Fulop’s equation. The Guh equation for severe acidemia
appears to differ from Fulop’s equation. Indeed, there
are substantial differences between the two equations for
[HCO:s]p values that are not extremely low. For example,
for [HCOs]p equal to 10 mEg/L, Fulop’s equation
calculates an appropriate PaCO:z of 23 mmHg (95%CI:
23-27 mmHg). From the Henderson-Hasselbach equ-
ation, the resulting arterial pH value is 7.24 (95%CI:
7.19-7.34). The corresponding values obtained from
the Guh equation for severe acidemia are PaCO: 34.0
(95%CI: 30.6-37.4) mmHg, and arterial pH 7.09
(95%CI: 7.05-7.14). However, the differences between
the two equations are trivial in cases of profound
acidosis. For example, we used the same equations to
calculate the ventilatory responses and arterial pH values
for [HCOs]p equal to 3 mEg/L: from Fulop’s equation, the
values were PaCO: 12.0 (95%CI: 8-16) mmHg; arterial
pH 7.02 (95%CI: 6.89-7.19); from Guh’s equation, the
values were PaCO: 12.4 (96%CI: 9.0-15.8) mmHg;
arterial pH 7.01 (95%CI: 6.90-7.14). We suggest that
Fulop’s diagram is appropriate for evaluating the alveolar
ventilation in profound DKA. In addition, vigilance for
other clues of potential respiratory failure (hypoxemia,
history of pulmonary or neuromuscular disease, clini-
cal monitoring of the respiratory system) should be
enhanced in this instance.

Metabolic acid-base parameters (pH, plasma bicar-
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bonate concentration) were found to be comparable
between venous and arterial blood samples in uncom-
plicated cases of DKA®®l, However, venous blood
gas determination is not appropriate for the detection
of respiratory failure in the course of DKA®® for two
reasons: The first reason is that venous blood measure-
ments cannot detect abnormalities in the partial pressure
of oxygen caused by ventilatory failure, especially in
states of hypotension and tissue hypoperfusion. The
second reason is that the regression equations used for
detection of inadequate ventilatory response to DKA were
developed in arterial blood. Transcutaneous monitoring
of carbon dioxide has been proposed as a means of
monitoring the treatment of DKA™. Determining the
accuracy of this technique in identifying respiratory failure
in DKA will require further research.

The diagnosis of respiratory failure during the course
of DKA can be greatly facilitated by a systematic search
for risk factors that have been identified to specifically
complicate the course of DKA. Clinicians should also
be alert for pre-existing respiratory insufficiency and
for conditions that can cause respiratory failure inde-
pendently of DKA (e.g., severe hypothyroidism). The
next section addresses risk factors for respiratory
insufficiency associated with DKA. Detailed discussion
of all causes of respiratory failure is beyond the scope of
this review.

RISK FACTORS FOR RESPIRATORY
FAILURE IN DKA

Table 1 shows these factors. The first two categories
listed in this table (depletion of primarily intracellular
ions and development of pulmonary edema) are direct
consequences of hyperglycemia and DKA. The last
two categories (infections of the respiratory tract and
miscellaneous risk factors) include conditions that may
lead to DKA but are not caused by it.

Deficits of ions with primary intracellular distribution in

DKA

Potassium, magnesium and phosphate are ions with
primary intracellular distribution that are depleted as
a consequence of DKA. Depletion of these ions has
severe, but preventable, clinical consequences. Clinical
manifestations relevant to this report are muscle
weakness that can culminate in respiratory failure and
cardiac dysrhythmias that may affect myocardial function.
If appropriate replacement is not done, the depletion
of these ions is more frequent and profound during
treatment than at presentation with DKA”®. A major
aim of the treatment of DKA is to address the deficits of
these ions. The mechanisms of deficit and their clinical
consequences are discussed below. The mechanisms of
potassium deficiency and of changes in serum potassium
concentration in DKA will be discussed in some detail.
Similar mechanisms create the abnormalities in the other
two ions.
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Potassium: There are disturbances in internal and
external potassium balance in DKA. During development
of DKA, the internal imbalance is caused by movement
of potassium from the intracellular into the extracellular
compartment causing hyperkalemia. The external
imbalance is attributed to the fact that DKA causes
losses of body potassium causing hypokalemia. The
losses can be profound and are usually accentuated
during treatment. In Martin’s report’””, hyperkalemia
was present in 39% of the DKA cases at presentation
and in 4% of the cases after 12 h of treatment, while
hypokalemia was present in 18% of the DKA cases
at presentation and 63% of the cases after 12 h of
treatment. The incidence of hypokalemia at presentation
of DKA may be affected by factors independent of DKA,
such as previous gastrointestinal loss of potassium
or diuretic use”". In published reports of DKA, the
frequency of hypokalemia at presentation varied between
0™ and 36.7%". A recent study found hypokalemia at
presentation in 5% of patients with DKA”?,

Balance studies during development or treatment
of DKA documented the abnormalities in external
and internal potassium balance caused by DKAY*>7?
Potassium is lost in the urine during development of DKA
because of osmotic diuresis caused by glycosuria. Urinary
excretion of ketoacids oblicates the loss in the urine of
equivalent amounts of cations, particularly sodium and
potassium. The contribution of ketonuria to the urinary
potassium loss has not been studied in DKA, to our
knowledge. Nevertheless, the loss of potassium in DKA is
often large. Patients with previously undiagnosed type 1
diabetes who present with DKA after protracted polyuria
may have life threatening potassium deficits'*!!,

Despite the urine losses, large numbers of patients
exhibit hyperkalemia at presentation with DKA7®%8!,
because of transfer of potassium from the intracellular
into the extracellular compartment. The mechanisms of
this transfer have been studied extensively. The most
important underlying mechanism is absence of insulin
action, which has direct and indirect effects on internal
potassium balance. Directly, inhibition of basal insulin
secretion causes loss of intracellular potassium®® and
hyperkalemia. Insulin causes hyperpolarization of the cell
membranes and potassium entry into the cytoplasm™”
through an increase in the sites of the alpha-2 subunit of
the sodium-potassium ATPase of the cell membranes®™*.
The effect of insulin on cellular potassium uptake is
dissociated from that on cellular glucose uptake™®.

Indirectly, absence of insulin action causes hyper-
tonicity (elevated serum effective osmolarity) through
both extracellular accumulation of solute (glucose) and
osmotic diuresis, which causes loss of water in excess of
monovalent cations*". Hypertonicity leads to transfer of
water and intracellular solutes, particularly potassium,
into the extracellular compartment™. Hyperkalemia will
result in this case even if the state of hypertonicity has no
effect on the transport mechanisms of cell membranes
for potassium or on the electrical potential difference
across the cell membrane®”). Contraction of the

Roaishidenge ~ WJD | www.wjgnet.com

Konstantinov NK ef a/. Respiratory failure in DKA

extracellular volume as a result of osmotic diuresis tends
to concentrate extracellular solutes including potassium
and constitutes another source of hyperkalemia in
DKA™Y,

The hyperkalemic effects of the disrupted internal
potassium balance described so far are encountered
in DKA and all other hyperglycemic syndromes. The
question whether metabolic acidosis has additional
hyperkalemic effects in DKA has been a matter of
controversy™ . Two lines of research provide support
for an added hyperkalemic effect of acidosis in DKA:
Multivariate analysis in clinical studies identified arterial
pH as a predictor of serum potassium level, in addition
to serum glucose®"®?!, The other line of evidence is
the recent discovery that acidosis affects potassium
distribution across cell membranes though alterations in
cellular membrane transporters®.

For patients on maintenance dialysis, the hyperg-
lycemic effects on internal potassium balance are almost
completely unopposed because of absent or minimal
osmotic diuresis. Studies of hyperglycemic syndromes
in this group have provided support for an additional
hyperkalemic effect of DKA when serum glucose
concentration and effective osmolarity are comparable
between DKA and HHS™"*", Finally, we are unaware
of studies showing that the catabolic state induced by
acidosis causes the release of cellular potassium into
the extracellular compartment and contributes to the
hyperkalemia. Nevertheless, there is sufficient evidence
to support the concept of an independent hyperkalemic
effect of DKA that is added to the other hyperkalemic
effects of hyperglycemia. This further complicates the
evaluation of potassium deficits in DKA.

Treatment of DKA leads to substantial declines
in serum potassium concentration, even when large
amounts of potassium are infused™® "), Multiple mech-
anisms contribute to the hypokalemic effect of treatment.
These include a direct effect of insulin on cellular
potassium uptake™, correction of the hyperglycemic
hypertonicity™, dilution of extracellular potassium due to
infusion of large volumes of fluids and continuing losses
of potassium through the urine or the gastrointestinal
tract.

Urinary potassium losses during treatment of DKA
merit attention because they often do not constitute
a treatment focus as they should. Urinary losses of
potassium in DKA are accentuated by coexistent states
of hyperaldosteronism™®. Insulin has an effect similar
to aldosterone on renal transport mechanisms of sodium
and potassium and its administration to patients with
DKA causes excessive renal potassium losses™™®. The
other mechanism of excessive potassium losses during
treatment of DKA is ongoing osmotic diuresis while
serum glucose remains elevated®". Improvement of the
renal circulation as fluid deficits are corrected has the
potential of worsening potassium losses through osmotic
diuresis.

Clinical consequences of hypokalemia associated
with DKA were reported first in 1946 in a seminal paper
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by Holler™ who observed a patient who developed

hypokalemia and respiratory failure during treatment of
DKA and whose respiratory failure resolved after infusion
of potassium salts. The significance of Holler’s report was
stressed in a more recent report!'!’l. Subsequently, a
series of articles reported severe clinical manifestations
secondary to hypokalemia developing or worsening
during treatment of DKA!''****1, The majority of the
reported cases exhibited varying degree of respiratory
failure. In several patients, respiratory failure was
associated with severe cardiac manifestations and/or
profound and generalized muscle weakness. Death
occurred in some cases™ ",

The management of DKA should adhere to guidelines
that recommend the administration of intravenous
potassium salts to patients presenting with DKA and
hypokalemia and initiation of insulin infusion only after
serum potassium has reached values > 3.3 mEg/L"®.
Serum potassium concentration should be monitored
during treatment in all patients with DKA. In DKA patients
presenting with hypotension, extreme hyperglycemia
and hypokalemia, urine volume and urine potassium
concentration should also be monitored during treatment
in order to guide, along with serum potassium, changes
in the rate of infusion of potassium salts'*!!, Measuring
potassium levels with the apparatus used for blood gas
determination is not appropriate because these levels may
vary substantially from simultaneous serum potassium
determinations'*®. Finally, electrocardiographic changes
may indicate changes in serum potassium during the
course of DKA*¥*® Monitoring of electrocardiogram to
prevent inappropriate administration of potassium salts
to patients with DKA has been proposed"*”\. However,
dissociation of plasma potassium concentration and
electrocardiographic abnormalities in a patient on DKA
has been reported™*'. Monitoring of serum potassium
during the course of treatment of DKA should be
primarily based on frequent determinations of serum
potassium concentration. Electrocardiographic monitoring
should be used as a guide for management of life-
threatening hyperkalemia and for timely detection of
dysrhythmias complicating the treatment of DKA.

Magnesium: In DKA body magnesium deficits through
urinary losses are routinely encountered and are
the consequence of absence of insulin™*”!, However,
magnesium exit from the cells may cause hypermagn-
esemia, which is frequent at presentation with DKA. The
magnesium defect is unmasked during treatment. In
Martin’s study"”, hypomagnesemia was recorded in 7%
of the cases at presentation with DKA and 55% of the
cases after 12 h of treatment, while hypermagnesemia
was found in 68% of the cases at presentation and 21%
of the cases after 12 h of treatment.

In one reported case, profound hypomagnesemia
caused respiratory failure and asystole, and cardiac
function recovered after cardiopulmonary resuscitation
and infusion of a large bolus of magnesium salts™*. A
small number of patients with DKA and severe hypoma-
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gnesemia were subsequently reported!****, The
development of hypomagnesemia during treatment of
DKA was linked to infusion of potassium phosphate!™****4,
Aldosterone promotes urinary magnesium losses!
Magnesium loss in the urine during treatment of DKA
may be increased because of the state of secondary
hyperaldosteronism discussed in the subsection on
potassium.

An important consequence of magnesium deficiency
is that it causes excessive urinary losses of potassium
and phosphate!*®, It is difficult to replete potassium
stores when there are large magnesium deficits*’. In
addition to its direct and indirect effects on respiration,
magnesium deficits have major effects on both cardiac
contractility and rhythm. Insulin, along with its effects
on cellular uptake of potassium and nutrients, increases
intracellular free magnesium concentration in myocardial
cells™®,

Magnesium deficit should be anticipated in patients
with DKA. Serum magnesium concentration should
be measured at presentation with DKA and should be
monitored during treatment. Magnesium replacement
should be guided by serum magnesium levels in this
state.

145]

Phosphate: Changes induced by DKA on both external
and internal phosphate balances are similar to those of the
balances of potassium and magnesium. Hyperglycemic
osmotic diuresis causes urinary losses of phosphate,
while metabolic acidosis causes shifts of phosphate from
the intracellular into the extracellular compartment!**®’,
Insulin causes cellular phosphate uptake and a decrease
in serum phosphate concentration!*>**!, The insulin-
mediated decrease in serum phosphate concentration
may be accentuated by dilution through intravenous
replacement fluids and by continuing urinary losses. In
Martin’s study"”®, hypophosphatemia was found in 11%
of the cases at presentation with DKA and 71% of the
cases after 12 h of treatment, while hyperphosphatemia
was detected in 90% of the cases at presentation and
was not detected after 12 h of treatment.

Severe hypophosphatemia has multiple adverse
consequencest*®l, Oxygen delivery to peripheral tissues
is impaired by the depletion of red cell 2, 3 diphosp-
hoglycerate (2,3-DPG), which causes a shift of the oxygen
dissociation curve to the left thus impeding oxygen
release. Depletion of high-energy phosphate compounds
in muscles secondary to phosphate deficits causes
muscle weakness and rhabdomyolysis, dysrhythmias,
myocardial dysfunction and seizures™*>2*%3,

A number of cases of development of severe hypo-
phosphatemia with varying degrees of respiratory failure
during the treatment of DKA have been reported™***",
Rhabdomyolysis was present in one patient™". A recent
report found that the severity of metabolic acidosis at
presentation affects the degree of hypophosphatemia
during treatment of DKA!®?. Monitoring of serum
phosphate should guide the replacement of phosphate
deficit. Phosphate replacement was shown to be
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effective in preventing the development of severe
hypophosphatemia in this instance*****, However,
phosphate infusion has not been shown to improve
the outcome of DKA in prospective studies™ and may
have adverse consequences including hypocalcemia and
hypomagnesemia'™*****!, Phosphate should be replaced
during treatment of DKA only if serum phosphate
levels are low. The guidelines suggest rates of infusion
of potassium phosphate and other ions™®. The critical
measure during treatment of DKA consists of close
monitoring of the patient’s clinical status and all serum
components that are replaced™"..

Pulmonary edema secondary to DKA or its treatment
The second category of direct consequences of DKA is
the development of pulmonary edema. Arterial blood
gases are necessary for evaluation of its severity and
to guide its treatment. Oxygen administration is guided
by the degree of hypoxemia, which is universal in
patients with pulmonary edema'®, Abnormalities of
PaCO: accompany the hypoxemia in the majority of
the cases!®l, Respiratory alkalosis, triggered by the
hypoxemia, is frequent in pulmonary edema. Eucapnia
and respiratory acidosis are also present in substantial
numbers of patients with acute pulmonary edema™®”.
“Normal” or elevated values of PaCO: in patients with
pulmonary edema indicate inadequate respiratory
response to hypoxemia and should be considered as
indicators of the severity of this condition. Elevated PaCO:
levels have been reported in a small number of patients
with end-stage renal disease and extreme hyperglycemia
without DKA™, Two varieties of pulmonary edema
in DKA have been are recognized, a hydrostatic form
attributed to elevated pulmonary venous pressure and
a form that develops because of increased pulmonary
capillary permeability.

Hydrostatic pulmonary edema in DKA: Hydrostatic
pulmonary edema is usually diagnosed at presentation
with DKA or severe hyperglycemia without DKA and
is corrected during the treatment of these syndromes.
The sequence of pulmonary edema at presentation
with severe hyperglycemia with or without DKA and its
correction with insulin administration has been reported in
patients with advanced renal failure!***’”, Development
of circulatory overload and hydrostatic pulmonary edema
in these patients was initially attributed to the acute shift
of a substantial volume of fluid from the intracellular
into the extracellular compartment. This volume shift
is an osmotic consequence of solute accumulation in
the extracellular compartment during development of
hyperglycemia. Correction of hyperglycemia with insulin
administration shifts fluid back into cells™®.

The magnitude of osmotic translocation of fluid
between the two major body fluid compartments that is
secondary to hyperglycemia should affect the severity
of the ensuing circulatory overload. This magnitude is
affected by two main factors: The first and most obvious
factor is degree of hyperglycemia. The volume of the
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osmotic fluid transfer increases as the serum glucose
level increases in the same episode of hyperglycemia.
The second factor affecting the volume of fluid tra-
nsferred from the intracellular into the extracellular
compartment during development of hyperglycemia is
the baseline status of the extracellular volume. For the
same degree of hyperglycemia, patients with preexisting
peripheral edema develop larger osmotic fluid transfers
than those without edema and the same baseline
intracellular volume™**”?, Insulin administration without
any other therapeutic measures has led to correction
of the pulmonary edema in the reported cases™®**"”,
However, other measures, including mechanical ventil-
ation and emergency ultrafiltration may be required in
some patients.

The development of extracellular volume expansion
may not be the only cause of hydrostatic pulmonary
edema in DKA. This syndrome has been reported in DKA
patients without advanced renal failure, who usually have
volume deficits at presentation™’>*"*), This suggests that
the development of DKA may be due to factors other
than extracellular volume expansion in some cases. In
one instance, DKA was diagnosed during treatment of
high altitude pulmonary edema’*”?. Recovery required
treatment of both conditions. It is not clear which
condition appeared first.

In another case, hydrostatic pulmonary edema
developed during treatment of DKA in a 9-year-old
child™”®. Serum troponin levels were elevated and echo-
cardiography showed segmental myocardial dysfunction
when pulmonary edema was diagnosed. Repeated
cardiac echocardiography was normal 6 d later. This
case report illustrates the potential of DKA to cause
acutely myocardial dysfunction. This dysfunction could
be secondary to excessive fluid replacement. Another
cause of myocardial dysfunction in DKA is absence of
insulin. Insulin has inotropic effects in subjects with type
1 diabetes!"”®, subjects with type 2 diabetes!”® and
normal controls™®. It is unclear whether the resolution
of pulmonary edema at presentation results from a
correction of the extracellular volume excess or a direct
action of insulin on myocardial contractility.

Non-hydrostatic pulmonary edema in DKA:
Diabetes mellitus may affect the structure and function of
the lungs, in addition to other target organs. Histological
changes in the lungs of diabetic patients involve the wall
of the alveoli and the pulmonary capillaries, while the
most consistent functional changes include reduced lung
volumes, reduced pulmonary elastic recoil, and reduced
capillary lung volume leading to impaired diffusion
capacity!”’). Respiratory function in these patients is
apparently preserved under normal conditions, but their
lung reserves are reduced and can cause clinical lung
dysfunction under stressful conditions including volume
overload’®. The development of non-hydrostatic
pulmonary edema [adult respiratory distress syndrome
(ARDS)] in DKA may be related to the effects of stress
on diabetic lungs.
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Characteristically, ARDS is not present initially, but
develops during the course of treatment of DKA. ARDS
appears to be a more frequent and severe complication
of DKA than hydrostatic pulmonary edema. A number
of publications reported patients who developed ARDS
during treatment of DKA!"°**?!, ARDS developing during
treatment of DKA may lead to death**?.. The severity of
ARDS complicating the treatment of DKA is underlined
by its association with cerebral edema.

DKA is one of the major causes of cerebral edema'**?..
Cerebral edema usually develops during treatment of
DKA" and is a major cause of mortality and long-term
neurological sequelae!™®, Simultaneous development of
cerebral edema and ARDS has been reported in several
publications™®**?%), Research efforts have addressed
factors that affect fluid transfers across blood capillary
membranes of the brain and lungs during treatment of
DKA. Early studies focused on Starling forces controlling
fluid exchanges across capillary membranes. Infusion of
large volumes of crystalloid solutions leads to increase in
the capillary hydrostatic pressure and to dilution of serum
proteins and decrease in the colloid osmotic pressure of
the serum. Decreased serum colloid osmotic pressure
was identified as a risk factor for ARDS during treatment
Of DKA[204-208].

Decreased serum colloid osmotic pressure may lead
to increased fluid transfer from the intravascular into the
interstitial space of various tissues including the lungs
where it will cause respiratory distress. However, serum
colloid osmotic pressure is not a key determinant of
fluid transfers between interstitial fluid and intracellular
compartment. Efforts to identify risk factors for the
development of both ARDS and cerebral edema in
DKA have been focused on altered capillary membr-
ane permeability and changes in the serum effective
osmolarity (tonicity). Increased pulmonary capillary
permeability during treatment of ARDS was found in
early reports?®?%, The potential explanations include
activation of lymphocytes™ and release of cytokines,
particularly interleukin-1 (IL-1)%%%"), the serum levels
of which are much higher during treatment of DKA
than at its presentation. These findings have linked the
development of cerebral edema and ARDS in patients
with DKA.

A potent driver of fluid exchanges between the extrac-
ellular and intracellular compartments is the tonicity of
the extracellular compartment, which changes during
treatment of DKA. Current strategy for preventing
cerebral edema and ARDS consists of careful infusion
of crystalloid solutions. Care should be exercised when
selecting their volume and tonicity!*!. Replacement of
volume deficits should be guided by the clinical picture:
Deficits causing severe clinical manifestations should be
replaced promptly with isotonic solutions. Monitoring
of the clinical signs of hypovolemia (hypotension,
tachycardia, low urine output) should guide the rate of
infusion, which should be slowed down when these signs
are corrected. Clinical monitoring is critical for adequate
volume replacement and prevention of overshooting.
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Hypertonicity is common in hyperglycemic synd-
romes and can be severe. Tonicity changes may play
a role in the development of cerebral edema during
treatment of DKA*®®, Tonicity changes have, in general,
a substantially larger effect on intracellular volume than
extracellular volume changes. Unlike volume deficits
hypertonicity should be corrected slowly during treatment
of DKA. The guidelines for management of hyperglycemic
crises recommend an hourly decline in serum glucose
concentration between 50 and 65 mg/dL"”, which
corresponds to a decrease in serum effective osmolarity
of between 1.2 and 2.8 mOsm/L"". An hourly rate of
decrease in effective osmolarity < 3 mOsm/L during
treatment of DKA is desirable. Whether measures
addressing lymphocyte function and cytokine production
can be effective in preventing cerebral edema and ARDS
during treatment of DKA are topics for future research.

Respiratory tract infections in DKA

Infections are known to be a major category of con-
ditions precipitating DKA. A systematic search for
infections is warranted in all patients presenting with
DKA. This search is complicated by the similarity between
symptoms of infection and those of DKA (malaise, abdo-
minal distress, dyspnea, etc.) and by finding elevated
white blood cell counts in both conditions. In addition,
infections in the respiratory tract have the potential
of causing respiratory failure in patients with DKA.
Examples of respiratory tract infections reported to
cause respiratory failure include pneumonia secondary
to Streptococcus pneumoniae'**?*®!, [egionella
pneumonia®”, Klebsiella pneumonia™®, community-
acquired pneumonia®'®!, influenza®*, pulmonary
zygomycosis®!, mucormycosis??***, candidiasis*** and
coccidiomycosis®®. The list of respiratory tract infections
that can cause respiratory failure during the course of
DKA is, in all probability, much larger.

A complicating feature of DKA associated with lung
infections is that severe volume deficits may mask
the clinical and radiographic manifestations of pneu-
monia, which blossom after hydration!*, This scenario
represents one condition in which evaluation of the
respiratory compensation to DKA in the arterial blood
gases can offer an early sign of the presence of a
condition complicating the DKA with the potential of
respiratory failuret>".,

Pneumonia associated with hyperglycemic symptoms
is an independent predictor of short-term (28 d)
mortality in both DKA and HHS" ", Early diagnosis and
management of pulmonary infections associated with
DKA offers the promise of reducing this mortality.

[218]

Miscellaneous conditions associated with DKA

DKA may develop in patients with other serious medical
conditions. Regardless of whether these conditions had
an etiologic relationship with DKA or not, DKA aggravates
their course. For example, development of respiratory
stress from DKA during the course of conditions
potentially causing respiratory failure, such as pre-
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existing neuromuscular or pulmonary disease, should
intensify the monitoring of the respiratory function.

Preexisting neuromuscular disease: DKA with respir-
atory failure has been reported in patients with Guillain-
Barré syndrome®®?*! and one of the mitochondrial
myopathies, the Kearns-Sayre syndrome™®®, Mitocho-
ndrial myopathies are associated with a high incidence
of diabetes mellitus. Kearns-Sayre syndrome is
characterized by progressive external ophthalmoplegia
and cardiac conduction defects as its primary clinical
manifestations. Patients with this syndrome exhibit
multiple endocrine disorders including diabetes mellitus
requiring insulin in about 15% of the cases'”, This
condition exemplifies the potential severity of DKA in the
course of a neuromuscular disease. It is probable that
patients with other types of mitochondrial syndromes
causing myopathy develop DKA with respiratory failure.
The reported case of DKA with respiratory failure in
a patient with Kearns-Sayre syndrome had a fatal
outcome®®”,

Preexisting conditions of the respiratory system:
We found reports of respiratory failure during the course
of DKA in a patient with tracheal stenosis'”” and another
patient with central venous catheter thrombosis***.
DKA creates a severe stress on the respiratory function
that has the potential to aggravate chronic lung disease.
There is a paucity of studies addressing the effects of
DKA on respiratory function in patients with chronic lung
disease and on the outcomes of DKA in this setting.

Other associated conditions: The development of
acute kidney injury during the course of DKA may place
greater demands on respiratory function. Two reports
addressed respiratory distress in patients with DKA and
acute renal failure!***!, As previously noted, there is a
great need for studies of DKA in patients with conditions
potentially affecting the respiratory function (e.g.,
drugs, severe hypothyroidism, etc.).

CONCLUSION

Respiratory failure developing during the course of
DKA worsens its prognosis and is preventable in most
instances. Prevention of respiratory failure has the
potential to reduce mortality from DKA. Prevention and
early detection of respiratory failure, by close monitoring
of the clinical status and timely use and appropriate
interpretation of arterial blood gases, have the potential
of both decreasing mortality from DKA and preventing
the debilitating somatic and psychiatric sequelae of
prolonged mechanical ventilation!**.
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