
Brain injury in children with diabetic ketoacidosis: Review of 
the literature and a proposed pathophysiologic pathway for the 
development of cerebral edema

Svetlana Azova1, Robert Rapaport2, Joseph Wolfsdorf1,3

1Division of Endocrinology, Boston Children’s Hospital, Boston, Massachusetts

2Division of Pediatric Endocrinology and Diabetes, Icahn School of Medicine at Mount Sinai, New 
York, New York

3Department of Pediatrics, Harvard Medical School, Boston, Massachusetts

Abstract

Cerebral edema (CE) is a potentially devastating complication of diabetic ketoacidosis (DKA) that 

almost exclusively occurs in children. Since its first description in 1936, numerous risk factors 

have been identified; however, there continues to be uncertainty concerning the mechanisms 

that lead to its development. Currently, the most widely accepted hypothesis posits that CE 

occurs as a result of ischemia–reperfusion injury, with inflammation and impaired cerebrovascular 

autoregulation contributing to its pathogenesis. The role of specific aspects of DKA treatment in 

the development of CE continues to be controversial. This review critically examines the literature 

on the pathophysiology of CE and attempts to categorize the findings by types of brain injury 

that contribute to its development: cytotoxic, vasogenic, and osmotic. Utilizing this scheme, we 

propose a multifactorial pathway for the development of CE in patients with DKA.
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1 | BACKGROUND

Diabetic ketoacidosis (DKA) complicated by cerebral edema (CE), a phenomenon first 

described in 1936,1 is associated with considerable morbidity and mortality.2,3 Clinically 
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apparent or overt CE occurs in approximately 0.3% to 1% of DKA events.4–7 Neuroimaging 

studies; however, have shown that some degree of CE is present in more than 50% 

of children with DKA.8 In addition, evidence of neuronal injury, even in the absence 

of radiographic evidence of CE, has been suggested by the observation of decreased N-

acetylaspartate-to-creatine ratios in the basal ganglia on magnetic resonance spectroscopy 

(MRS).9 In many cases, the injury is largely asymptomatic or associated with only minor 

mental status changes and is thus considered to be subclinical.8,10–13

Signs and symptoms of clinically apparent CE (Table 1) usually become evident within 

the first 12 hours of treatment, but can occur before treatment has been initiated4,14–18 or, 

rarely, as late as 24 to 48 hours after starting treatment.4,19 Overt CE complicating DKA is 

fatal in 20%–30% of individuals20,21 and, overall, CE accounts for approximately 50%–90% 

of childhood diabetes-related deaths.4–6 Between 10% and 35% of survivors of CE have 

residual disabilities ranging from mild neurological impairment to a vegetative state.4–6 

The finding of both acute and long-term impairment of cognition and memory function in 

children with a history of DKA indicates that cerebral injury occurs even without evidence 

of overt CE.22–30

The interpretation of research to identify the pathophysiologic mechanisms of CE continues 

to be controversial. Cytotoxic injury, vasogenic processes, and osmotic shifts during DKA 

treatment have all been implicated. In this article, we summarize the published data on the 

mechanisms underlying CE and propose a hypothetical multifactorial pathway to explain its 

development.

2 | CYTOTOXIC INJURY

Cytotoxic injury is characterized by disruption of cellular metabolism and membrane 

stability leading to cellular retention of sodium and water and subsequent swelling, 

ultimately resulting in cell death. It can be caused by hypoxic injury or exposure to 

toxic substances that promote oxidative stress and mitochondrial dysfunction.31 It has been 

postulated that cytotoxic injury plays a prominent role early in the development of CE, 

before starting treatment for DKA, and may contribute to its propagation during treatment. 

This theory is supported by studies in rats, which have demonstrated significant reductions 

in the apparent diffusion coefficient (ADC) during conditions simulating untreated DKA, 

suggesting restricted diffusion of water molecules and indicating cellular swelling.32–35 

Hyperglycemia and hyperketonemia independently cause reductions in cortical ADC 

values.34 The following sections propose several mechanisms whereby DKA can lead to 

cytotoxic injury.

2.1 | Metabolic factors and cytotoxic substances

Several studies have found that patients with DKA who develop CE present with more 

severe hyperglycemia than those without overt CE.13,14,36–39 Hyperglycemia has been 

suggested to augment cerebral injury via a number of mechanisms, including the production 

of osmolytes (such as sorbitol), induction of cerebral acidosis, reduction of cerebral blood 

flow (CBF), and accumulation of lactate and glutamate.40 Cerebral glutamate concentrations 

have not been examined in patients with DKA and overt CE. In a rat model, however, 
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exposure to hyperglycemia before induction of forebrain ischemia was associated with 

enhanced neocortical accumulation of extracellular glutamate during ischemia, exaggerating 

neuronal damage in the forebrain.41 Extrapolating these findings to patients with DKA, it 

can be postulated that elevated concentrations of cerebral glutamate (or increased sensitivity 

of the N-methyl-D-aspartate [NMDA] receptor to glutamate), caused by hyperglycemia and 

hypoxia,42 could contribute to cytotoxic neuronal injury and altered mental status.

Children with DKA have also been found to have elevated plasma concentrations of 

3-deoxyglucosone (3-DG), a precursor of advanced glycation end products (AGEs), at 

baseline and within a few hours of initiating treatment. The time course of the rise in 

3-DG concentrations coincided with the expected timing of the progression to subclinical 

CE. Increases in 3-DG concentrations are caused by hyperglycemia, ketone bodies, and 

lipid peroxidation and have been associated with generation of reactive oxygen species 

(ROS) and inactivation of antioxidant enzymes.43 Other studies have also shown increases 

in lipid peroxidation and reductions in antioxidant vitamins C and E before and during 

treatment of DKA in children. In addition to cellular damage, lipid peroxidation and 

ROS have been implicated in endothelial membrane dysfunction at the level of the blood–

brain barrier (BBB), suggesting concurrent vasogenic injury (discussed in later sections).44 

Finally, activation of the membrane attack complex (C5b-C9), which has been shown to be 

upregulated in patients with DKA before starting treatment,45 has also been associated with 

induction of cellular injury.46

2.2 | Altered membrane transporter activity

Acetoacetate and beta-hydroxybutyrate have been shown to stimulate Na-K-Cl cotransporter 

activity in rat astrocytes leading to intracellular accumulation of electrolytes and water.32 

Several studies have also implicated the Na+/H+ exchanger in propagating neuronal injury 

in DKA. This exchanger is believed to be activated by cytoplasmic acidification from 

high concentrations of circulating organic acids13,47 and elevated levels of vasopressin.13,48 

During DKA treatment, resolution of acidosis creates an outward chemical gradient for 

protons, which, together with a direct effect of insulin therapy, has been proposed to enhance 

the activity of this exchanger.13,47,49 These mechanisms are thought to promote influx of 

sodium and water into neurons leading to cellular swelling. However, in vivo relationships 

may be more complex: high intracellular sodium concentrations may lead to activation of 

other ‘‘corrective’’ pumps that result in net loss of cellular ions and reduction of intracellular 

volume.50 The role of the Na+/H+ exchanger in development of CE thus remains unclear.

2.3 | Hypoxic injury

Hypoxic injury has been implicated in the development of CE in DKA since its initial 

description in 1936.1,51–53 MRS studies in rats with untreated DKA have demonstrated 

abnormalities in cerebral metabolites typically encountered after a hypoxic insult, including 

low intracellular pH, elevated lactate,34 and reduced levels of high-energy phosphates.34,54 

The distribution of cerebral injury that has been described in some patients also suggests 

a hypoxia-driven process. In reviewing computed tomography (CT) imaging studies of 

children with DKA, Muir et al. found focal brain injury in 22% of subjects, affecting 

primarily the mesial basal ganglia and thalamus, periaqueductal gray matter, and dorsal 
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pontine nuclei. These changes were found exclusively in children whose abnormal 

neurological signs appeared within a few hours of starting treatment and the authors 

concluded that they were likely caused by primary metabolic derangements.55 The affected 

brain regions have a high demand for adenosine triphosphate (ATP) and are, therefore, more 

susceptible to hypoxic insults, providing further indirect evidence that hypoxia may play a 

role in the early development of cerebral injury in children with DKA. A combination of 

hypoperfusion and impaired oxygen utilization are thought to contribute to the development 

of this injury.

2.3.1 | Hypoperfusion—Development of CE in DKA has been associated with 

several factors known to affect cerebral perfusion, including uremia,4,14,37–39,49,56 

hyperosmolality,36,38,39 hyperventilation,37 hypocapnia,4,37 and acidosis.13,14,37–39,49 

Acidosis,57,58 hyperosmolality,59 and a synergistic combination of the two38 have been 

implicated in causing altered sensorium in patients with DKA. Elevated blood urea 

nitrogen (BUN) concentration and hyperosmolality are surrogate biochemical markers 

for the severity of dehydration. Dehydration leads to contraction of the extracellular 

space, hemoconcentration, and increased blood viscosity, which may contribute to cerebral 

hypoperfusion and cytotoxic injury.50,51 In support of this hypothesis, an MRI study in rats 

with untreated DKA showed a significant negative correlation between ADCs and initial 

BUN concentrations.33 Hyperventilation, a compensatory mechanism for metabolic acidosis, 

leads to decreased partial pressure of arterial carbon dioxide (PaCO2) and increased brain 

extracellular pH, leading to cerebral vasoconstriction.60 In a mouse model, acetoacetate has 

also been associated with increased production of a potent vasoconstrictor, endothelin-1, 

from brain vascular endothelial cells.61 All of these factors are thought to contribute to 

cerebral hypoperfusion in DKA; however, the evidence for its occurrence mainly comes 

from animal models.

Several previously cited studies in rats showed that in addition to reduced ADCs, CBF 

was also significantly decreased in conditions simulating the metabolic derangements of 

untreated DKA33,34 and varied directly with PaCO2.
33 Hyperglycemia and hyperketonemia 

independently caused reductions in CBF.34 However, a more recent study by Glaser et 

al. showed that while experimentally induced hypocapnia led to declines in both CBF 

and ADC, hyperglycemia and ketosis only exacerbated the reductions in ADC and did 

not lead to significant further decreases in CBF. These observation suggest that metabolic 

derangements associated with DKA may make the brain more vulnerable to injury caused by 

mild reductions in CBF induced by hypocapnia.35

Studies in humans have not convincingly demonstrated cerebral hypoperfusion in DKA. In 

1948, Kety et al.62 compared CBF and brain oxygen consumption of adult patients with 

severe diabetic acidosis with and without coma and found no significant decreases in CBF 

in either group. Hoffman et al., utilizing transcranial Doppler (TCD) in children, also found 

no significant changes in mean CBF values between admission and 6, 24, and 48 hours after 

initiating treatment for DKA. All of the CBF values were within the normal ranges.63

2.3.2 | Impaired oxygen utilization—While Kety et al. did not show a significant 

decline in cerebral perfusion in comatose and severely acidotic patients, oxygen 
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consumption was reduced by 48% and 18%, respectively, as compared to reference values 

of healthy subjects.62 Fein et al. also found impaired oxygen extraction in patients with 

DKA.10 Young et al. suggested that hemoconcentration may contribute to impaired cerebral 

oxygenation due to the inability of concentrated blood to efficiently take up oxygen.51 

It has also been proposed that hypocapnia may reduce cerebral oxygen consumption in 

severe DKA.37 Finally, treatment with bicarbonate (discussed in more detail later) has been 

associated with decreased oxygen delivery to brain cells.64 Graded reductions in cerebral 

consumption of oxygen in the setting of largely preserved CBF have been associated with 

declines in the degree of mental alertness in a number of conditions, including diabetic 

acidosis.65 Taken together, these observations suggest that impaired oxygen utilization may 

play a more significant role than reduced CBF in contributing to hypoxic injury in patients 

with DKA.

3 | VASOGENIC INJURY

In fatal cases of CE complicating DKA, histopathologic examinations have shown absence 

of tight junction proteins, albumin extravasation, and perivascular changes.66,67 In addition, 

von Willebrand factor antigen and activity were found to be increased before and during 

treatment of severe DKA in children.68 Moreover, elevated ADC values have been observed 

in children undergoing treatment of DKA, indicating increased diffusion of water.69–75 

Children with evidence of altered mental status had more significant elevations in their 

ADC values during DKA treatment compared to those without mental status abnormalities, 

indicating a more severe degree of cerebral compromise in symptomatic patients.71 Taken 

together, these findings suggest vasogenic injury, which is characterized by the breakdown 

of tight junctions between endothelial cells, allowing intravascular proteins and fluid to cross 

the BBB and penetrate the extracellular brain parenchyma.31 The following sections review 

mechanisms implicated in its development.

3.1 | Metabolic and hormonal factors

Hypertonicity from hyperglycemia13,76 and acidosis13 have both been implicated in BBB 

dysfunction in patients with DKA. Furthermore, acetoacetate and beta-hydroxybutyrate 

have been shown to stimulate Na-K-Cl cotransporter activity in cerebral microvascular 

endothelial cells, predisposing them to injury.32 It has also been suggested that vasopressin, 

which is elevated in patients with DKA at presentation,13 alters the permeability of 

the BBB. Increased vasopressin release is thought to occur in response to intravascular 

volume depletion, nausea, and enhanced sensitivity of osmoreceptors to stimulation by 

hyperglycemia in the absence of insulin.48,77–80 However, no direct correlation has been 

found between vasopressin levels and development of CE.13

3.2 | Release of vasoactive substances and induction of inflammation

Hyperglycemia and hyperketonemia have been associated with the release of vasoactive 

substances, including adhesion molecules and vascular endothelial growth factor, which 

have a direct effect on the BBB, promoting increased vascular permeability.61,81 In addition, 

arachidonic acid released into the extracellular milieu during parenchymal injury from 

Azova et al. Page 5

Pediatr Diabetes. Author manuscript; available in PMC 2023 April 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cerebral hypoxia has been implicated in inducing capillary permeability in children with 

DKA, especially following treatment initiation.37

Studies in both animal models82–85 and humans86–101 have also suggested that systemic 

and cerebrovascular inflammation are associated with the development of CE in DKA. 

Inflammatory processes are thought to contribute to vasogenic injury through their damaging 

effects on the BBB.102–105 Table 2 summarizes the literature and the pertinent findings 

implicating inflammation in the pathogenesis of CE.

3.3. | Impaired cerebrovascular autoregulation

Kety et al. demonstrated reduced cerebrovascular resistance, despite decreased PaCO2 

levels, in adult patients with diabetic coma compared to normal controls, leading to 

higher than normal CBF.62 Utilizing TCD, Hoffman et al. showed a statistically significant 

increase in Gosling’s pulsatility index (a measure of intracranial pressure) on admission 

compared to the control value on day 6, as well as decreased cerebral vascular reactivity, 

suggestive of diminished cerebrovascular tone. Within 24–48 hours of DKA treatment, the 

pulsatility index decreased and vascular reactivity increased, indicating restoration of CBF 

regulatory mechanisms. The authors postulated that hyperglycemia and acidosis override 

the vasoconstrictive effects of hypocapnia, leading to vasoparalysis. As these metabolic 

derangements improve with treatment, vascular tone in response to low PaCO2 is restored.63

Using TCD and infrared spectroscopy, Roberts et al. showed impaired cerebrovascular 

autoregulation to tilt-table testing and increased regional cerebral oxygenation, respectively, 

in children with DKA and impaired mental status within several hours of treatment 

initiation.106 They later found that children treated for DKA had significantly lower 

autoregulatory indices during tilt-table testing as compared to children with type 1 

diabetes mellitus (T1DM) without DKA.107 Although not statistically significant, the 

frequency of impaired cerebrovascular autoregulation was higher in patients with DKA who 

developed CE. The researchers postulated that CE is associated with a temporary loss of 

cerebrovascular autoregulatory mechanisms, leading to increased CBF and vasogenic injury.

Regional differences in CBF autoregulation have also been reported. Chung et al. showed 

that impaired cerebrovascular autoregulation was present in 95% of patients on admission 

and remained abnormal in 50% after DKA resolution. In addition, children with clinical 

and radiographic evidence of CE had significantly lower mean flow velocity in the 

basilar artery.108 Glaser et al. observed that during DKA treatment, ADC values (and 

brain water content) were increased in brain regions supplied by the anterior and middle 

cerebral arteries, but not in the medulla and occipital cortex, which are supplied by the 

vertebrobasilar circulation. These observations suggest that CBF autoregulation may vary 

according to differences in regional vascular supply. Specifically, decreased sympathetic 

innervation of the vertebrobasilar circulation may contribute to its diminished capacity 

for CBF autoregulation and vasodilation, leading to diversion of CBF away from the 

brainstem to other brain regions. This may increase the risk of hypoxic injury or delay 

recovery from hypoxia in the posterior part of the brain and account for signs of brainstem 

dysfunction seen in some children with severe DKA-related brain injury without evidence of 

herniation.69,75
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Impaired cerebrovascular autoregulation leading to hyperemia has been at least partially 

attributed to normalization of PaCO2 levels following prolonged hypocapnia.35,75 Nitric 

oxide is a potential mediator of this phenomenon. Iori et al. found elevated levels of plasma 

nitrate (the product of nitric oxide catabolism) and increased mRNA and protein expression 

of inducible nitric oxide synthase (iNOS) in circulating lymphocytes and monocytes of 

T1DM patients with ketosis.109 Hoffman et al. also showed increased expression of iNOS 

in the brains of adolescents with fatal DKA.95 Increased local production of nitric oxide 

has previously been associated with endothelial dysfunction and hyperemia in ketotic adults 

with T1DM, implicating its role in the vasodilatory response in these patients.110

3.4 | Reperfusion injury

Reperfusion of hypoxic brain regions during DKA treatment has been proposed to 

exacerbate cerebral injury through a variety of mechanisms, including disruption of the 

BBB.37,40,69,71,72 Increased CBF during treatment is supported by the finding of cerebral 

hyperemia within several hours of initiating therapy.106,111 Furthermore, several studies have 

demonstrated elevations in ADCs during treatment compared to the recovery period69 75 

and ADCs correlated positively with increased CBF on perfusion MRI.69 In addition, ADC 

values during treatment directly correlated with initial BUN concentration and respiratory 

rate.71 As discussed earlier, these parameters are surrogates for dehydration and hypocapnia, 

which have been associated with cerebral hypoperfusion, suggesting that vasogenic injury 

may exacerbate the initial hypoxic insult. The distribution of ADC changes during treatment 

also supports this hypothesis. As discussed previously, the basal ganglia and thalamus 

have been found to be more susceptible to focal injury in children with DKA and 

early-onset CE.55 These regions (as well as the frontal white matter) also had the most 

consistent elevations in ADCs during treatment,69,71–73 suggesting that the initial hypoxic 

insult associated with metabolic derangements may make those brain regions with higher 

metabolic demand more vulnerable to reperfusion injury, predisposing them to subsequent 

development of vasogenic edema.

It is important to point out, however, that the pattern and timing of ADC elevations in 

relation to DKA presentation, treatment initiation, and recovery period varied across studies. 

Furthermore, the magnitude of the increases in most cases did not approach the ranges 

consistent with true vasogenic edema observed in other clinical situations,112 raising doubt 

as to whether the reported elevations in the ADCs are high enough to be correlated with this 

process.113 However, most patients in these studies were either asymptomatic or had mild 

symptoms. Only a minority had clinical or CT evidence of CE requiring intervention and 

all seemingly recovered without neurological deficits. Thus, it is possible that patients with 

more severe presentations may demonstrate ADC elevations consistent with true vasogenic 

edema; however, due to medical instability and ethical considerations, these patients are not 

suitable candidates for MRI studies.

4 | TREATMENT-SPECIFIC FACTORS

The role of DKA treatment-specific factors in the development of CE in children remains 

highly controversial. Several studies have demonstrated that subclinical CE is common 
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during therapy,8,10–13,114 with an estimated prevalence of 54% in one study.8 In earlier 

studies, its development was attributed to rapid correction of hyperglycemia and decrease 

in plasma osmolality10,13,114; however, more recent studies using magnetic resonance 

diffusion-weighted imaging (DWI) suggest a vasogenic process.70,73 Clinically apparent 

CE usually becomes evident within the first 12 hours of starting treatment,6 potentially 

implicating therapy-related factors in its development or propagation. Many studies 

have attempted to elucidate the specific treatment factor(s) that may be responsible for 

precipitating CE; however, the results have been conflicting and inconclusive. The following 

sections briefly review the literature investigating the potential effects of intravenous fluid 

therapy, insulin administration, and use of bicarbonate on the risk of CE development. Table 

3 provides an overview of current treatment recommendations for management of DKA.6,115

4.1. | Intravenous fluid therapy

Based on findings in animal models, it has been proposed that rapid correction of 

hyperglycemia with excess free water leads to an osmotic shift that causes brain cells 

to swell.116–121 An exaggerated action of vasopressin has been proposed to exacerbate 

these shifts.48 In humans, several retrospective studies have implicated higher fluid volume, 

lower fluid tonicity, and rapid correction of hyperglycemia in the development of overt 

CE.37,39,48,49,56,122–130 One study suggested an inverse relationship between the rate of 

fluid administration (> 4 L/m2/day) and time to brain herniation.48 The association between 

administration of excess free water and the development of CE has been linked to the 

decline (or failure of an appropriate increase) in serum sodium concentration and/or 

effective plasma osmolality during treatment.48,122,124,127,128 However, several studies have 

not shown an association between fluid therapy-related factors and these biochemical 

trends.4,131,132

It is important to highlight several limitations of the studies cited above. The available 

literature associating fluid therapy-related factors with development of CE is largely 

retrospective in nature, consisting of case series, case–control, and cohort studies (Table 

S1). By virtue of their design, these studies were prone to inherent biases (e.g., selection 

bias), had small sample sizes, frequently lacked appropriate controls, and did not adequately 

adjust for confounders. Failure to account for potential confounders, such as the degree of 

dehydration and severity of DKA, precludes accurate interpretation of the findings linking 

treatment factors to CE development. It is possible that patients with more severe clinical 

and metabolic derangements on presentation (who were at higher risk of developing CE) 

were treated more aggressively. A related concern is referral bias in some of the studies that 

included patients transferred from outside centers to the institutions’ pediatric intensive care 

units and were thus more likely to have severe DKA.39,56,125

Several prospective studies evaluating the safety of treatment protocols with slower rates of 

fluid administration delivered over 48 hours and with relatively high sodium concentrations 

(average of 125 mmol/L) found that serum sodium concentration rose as the glucose 

concentration fell in most episodes of DKA.122,133,134 There were no deaths or obvious 

permanent neurologic sequelae, and the authors concluded that their regimen was protective 

against neardeath experiences and brain herniation. However, it is important to note that in 
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one of the studies, mannitol was administered in 5.5% of cases. It is unclear, therefore, 

whether the overall good outcomes were related to meticulous monitoring and timely 

administration of mannitol rather than the fluid regimen per se.134 It must also be noted that 

none of these studies included a control or comparison treatment group and the sample sizes 

were insufficient to detect a statistically significant difference in CE occurrence compared to 

the expected rate of 0.3%–1%.

Previously cited MRI studies have raised doubt about the occurrence of osmotic shifts 

during DKA treatment by suggesting that therapy-related injury is actually associated with a 

vasogenic process based on the observation of increased ADC values during therapy (ADC 

is decreased in osmotic cellular swelling).69–75 In addition, other observational studies 

have not convincingly demonstrated an association between fluid-related treatment factors 

(i.e., higher volume, lower tonicity, rapid rate of glucose correction, decline in osmolality, 

and failure of an appropriate rise in serum sodium concentration) and the development 

of CE.14,19–21,135–141 Moreover, it has been proposed that insufficient fluid resuscitation 

may actually be a risk factor for CE due to delayed correction of dehydration, leading to 

prolongation of compromised cerebral perfusion.142–144

A review of the literature identified three randomized controlled trials (RCTs) assessing the 

efficacy and safety of different fluid regimens for management of DKA in children. None 

showed an association between administered fluid volume and development of CE.73,145,146 

In one study, children with DKA were randomized to receive fluids at a more rapid rate (n 

= 8) or a slower rate (n = 10), with all other aspects of treatment identical. DWI showed 

higher mean brain ADC values during treatment compared to post-recovery in both groups, 

consistent with vasogenic CE; however, the differences between groups were not statistically 

significant, leading the authors to conclude that the ADC changes during DKA treatment 

did not appear to be substantially affected by the rate of fluid administration.73 Bakes et al. 

investigated the effects of fluid volume on the rate of metabolic normalization in children 

with DKA. Patients were randomized to receive intravenous fluid at low volume (10 mL/kg 

initial bolus plus 1.25 x maintenance replacement rate) or high volume (20 mL/kg initial 

bolus plus 1.5 x maintenance replacement rate) (n = 25 in each group). Higher volume of 

administered fluids significantly decreased time to metabolic normalization. No cases of CE 

were identified in either group.145 A major limitation of these RCTs is limited power to 

detect a statistically significant difference in CE rates.

The Pediatric Emergency Care Applied Research Network (PECARN) FLuid therapies 

Under Investigation in DKA (FLUID) trial was an RCT that examined the effects of 

the rate of fluid administration and the sodium chloride content of intravenous fluids on 

neurologic sequelae in 1389 episodes of DKA in children. Neither the rate of administration 

nor the sodium chloride content of intravenous fluids significantly influenced neurologic 

outcomes in children with DKA. In a subgroup analysis of children with severe DKA, rapid 

rehydration was associated with better performance on measures of short-term memory. 

It should be noted that children with Glasgow Coma Scale < 11 were excluded from the 

study after year 2 because these children had already met the primary study outcome and 

because most clinicians believed that management decisions for these patients should not 

be determined based on randomization.146 It remains uncertain whether the results of the 
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FLUID trial are generalizable to patients with more profound neurologic compromise at 

presentation who are at higher risk for overt CE.147

See Table S1 for detailed descriptions of the studies referenced in this section.

4.2 | Insulin therapy

In an observational study, Edge et al. showed that insulin administration within the first 

hour and total insulin dose during the first 2 hours of DKA treatment were associated with 

an increased risk of CE in children after adjusting for age, sex, diabetes status (new or 

known), and baseline acidosis.49 Hoorn et al. also showed that children with DKA who 

developed CE received an insulin bolus more often than those who did not develop CE, but 

did not adjust for severity of DKA.127 Several mechanisms have been proposed to explain 

the association between insulin administration during treatment of DKA and development 

of cerebral injury. Early studies in animal models have suggested that insulin therapy, 

especially when combined with fluids,148 contributes to osmotic shifts associated with rapid 

correction of hyperglycemia.118,148 It has also been postulated that insulin directly promotes 

influx of sodium and other electrolytes into brain cells (e.g., through activation of the 

Na+/H+ exchanger), exacerbating cytotoxic swelling, especially at a time when membrane 

electrolyte transport is already at its most active in the setting of rapid rehydration.13,47,49 In 

addition, it has been hypothesized that insulin may have deleterious effects on the BBB61,76; 

however, no study in humans has been able to directly implicate this mechanism. Despite 

the observation that CE rarely occurs in the absence of insulin therapy,19 other studies have 

failed to directly implicate insulin administration in its development,4,13,37,39,131 and the role 

of insulin in causing CE remains unclear.

4.3 | Bicarbonate therapy

Studies in animal models have found associations with bicarbonate administration and 

development of CE,64,149 especially when given concomitantly with insulin, presumably 

due to rapid systemic alkalinization.149 Several mechanisms for the detrimental effect of 

bicarbonate on the central nervous system (CNS) have been proposed. Rapid correction 

of acidosis shifts the oxygen-hemoglobin dissociation curve to the left, increasing 

hemoglobin’s affinity for oxygen and making it less available to neurons, thus exacerbating 

cerebral hypoxia.150 In adults with uncontrolled diabetes, bicarbonate administration 

resulted in a significant leftward shift of the oxyhemoglobin dissociation curve.151 In a 

study of 10 children with DKA, however, this shift was not significantly different between 

children treated with bicarbonate and those who did not receive bicarbonate.152 Bicarbonate 

administration has also been shown to induce paradoxical acidosis in the CNS during 

treatment of DKA.64,153 However, while in dogs, the resultant CNS acidosis was associated 

with decreased oxygen delivery to brain cells, cerebral hypoxia, and lactic acidosis,64 it did 

not lead to any discernible adverse clinical outcomes in children.153

Although a few observational studies in children found potential associations between the 

use of bicarbonate and development of CE,4,39 many others did not show a significant 

relationship.14,19,21,49,56,127,131,153 Due to other potential risks (especially hypokalemia) and 

unclear benefit, bicarbonate is not recommended for routine use in the treatment of DKA.6
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5 | DISCUSSION

Although uncommon, clinically apparent CE is associated with high rates of mortality and 

morbidity. A review of the literature has identified a number of proposed mechanisms for 

its development; however, no consensus has been reached due to the inherent difficulties in 

studying this life-threatening complication in children. Moreover, the reason for its higher 

prevalence in children as compared to adults is not understood.

Based on the metabolic findings, cerebral perfusion data, and ADC values observed 

at the onset and during treatment of DKA both in animal models and children, the 

most widely accepted current hypothesis is that CE is the result of ischemia–reperfusion 

injury.40 The effect of rising PaCO2 levels after prolonged hypocapnia leading to impaired 

cerebrovascular autoregulation and abnormal vasodilation,75 as well as disruption of the 

BBB from inflammation, exacerbate the secondary vasogenic injury.146 This is an appealing 

model that may account for a proportion of CE cases. Based on our review of the literature, 

we offer several comments.

First, we have organized this review into three main categories describing the different types 

of cerebral injury that are hypothesized to occur in patients with DKA: cytotoxic, vasogenic, 

and osmotic. As opposed to a sequential process, we propose a model where these processes 

overlap and where each can be exacerbated by certain patient- or treatment-related factors. 

Most often, this results in subclinical cerebral injury, associated with mild symptoms and 

alterations in neurologic function. Uncommonly, when the degree of injury surpasses the 

threshold for compensatory mechanisms, for unclear reasons, clinically apparent CE occurs. 

Within each category, several contributory processes have been proposed. Under the rubric 

of cytotoxic injury, metabolic factors and upregulation of neurotoxic substances, altered 

activity of certain membrane transporters, and hypoxic injury all likely play some role 

in driving the disruption of cellular metabolism and membrane stability, culminating in 

cellular swelling and subsequent death. Concurrent with cytotoxic injury, breakdown of the 

BBB occurs as a result of a combination of metabolic and hormonal factors, inflammation, 

alterations in cerebrovascular autoregulation, and reperfusion injury. Osmotic shifts and 

other therapy-related factors during treatment may further exacerbate cerebral injury. 

However, both subclinical12,13,154 and clinically apparent CE4,14–18 have been described 

before starting therapy, suggesting that reperfusion injury and treatment-related factors are 

not necessary components of the pathophysiologic pathway leading to CE development, 

but may play a role in propagating cerebral injury in a subset of predisposed patients (i.e., 

those with more severe dehydration and acidosis at presentation). Figure 1 shows a proposed 

multifactorial pathway leading to the development of the different types of cerebral injury in 

patients with DKA. It is likely that some combination of cytotoxic, vasogenic, and osmotic 

injury ultimately leads to overt CE in predisposed individuals.

Second, we have avoided using the term ‘‘ischemic’’ when describing cerebral injury 

that is thought to occur secondary to impaired cerebral perfusion/oxygenation and have 

instead referred to it as ‘‘hypoxic’’. Cerebral ischemia is defined as insufficient blood flow 

to provide adequate oxygenation to brain tissue, whereas cerebral hypoxia refers more 

broadly to reduced supply of oxygen to the brain, which can be secondary to ischemia or 
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another process, such as impaired oxygen utilization. As mentioned previously, studies in 

humans that have investigated cerebral perfusion during DKA have not shown significantly 

reduced CBF approaching the threshold for true ischemia.62,63 The only studies that 

have demonstrated significantly decreased CBF were those performed in rat models with 

streptozotocin-induced metabolic derangements simulating DKA.33–35 In this model, the 

mechanism of pancreatic injury is different and its onset typically more acute, leading to a 

more rapid induction of severe hyperglycemia and associated metabolic derangements. In 

T1DM, development of autoimmunity is usually an insidious process and it takes months to 

years to reach a critical mass of beta cell destruction and insulinopenia associated with onset 

of symptoms. During this process, there is a more gradual development of hyperglycemia. 

It can be postulated that this chronic progression of biochemical abnormalities has different 

effects on brain microstructure, neuronal metabolism, and cerebral perfusion and oxygen 

utilization than an acute metabolic derangement, which may, at least partially, explain the 

discrepancy in the CBF and ADC findings between studies in rats and those conducted in 

humans. In addition, while significant reductions in perfusion have not been demonstrated in 

patients with DKA, impaired oxygen extraction has been implicated.10,37,51,62,64 For these 

reasons, we believe that the term ‘‘hypoxic’’ is a more appropriate description of the events 

that may contribute to early development of CE.

Young children are dependent on adult caretakers for consistent provision of fluids and 

rely on parents and healthcare professionals to recognize symptoms of diabetes. They are 

at highest risk for protracted hyperglycemia and more severe dehydration and acidosis. In 

addition, children have significantly higher oxygen requirements compared to adults (5.1 

versus 3.3 mL/100 g/min)155 and may be particularly susceptible to even mild hypoxic 

injury, especially when complicated by impaired oxygen extraction.4,50,55 This is further 

compounded by the fact that diabetes itself may be associated with increased brain energy 

requirement.156 In light of these factors, in children, even slight reductions in cerebral 

metabolic rate during hypoxia may be detrimental to neuronal integrity during DKA, leading 

to cytotoxic injury. Compared to young adults, children and adolescents with fatal DKA 

have also been shown to have higher expression of certain immune markers, such as C5b-

C9,96 and this may also mediate cellular injury.46

6 | CONCLUSIONS

This comprehensive review of the literature and our proposed pathway highlight a complex 

interplay between cytotoxic, vasogenic, and osmotic processes in the development of brain 

injury and CE in children with DKA. Standard management with mannitol and controlled 

hyperventilation,21,157,158 if initiated in a timely fashion, may reduce rates of mortality and 

morbidity.19,131 However, improved understanding of the underlying mechanisms of CE and 

its early identification may ultimately help guide therapeutic interventions aimed at specific 

molecular targets, with the aim of preventing fatalities and irreversible neurologic sequelae 

(Table 4).32,33,44,47,54,85,159,160 The role of genetic factors in susceptibility to CE is another 

area of interest, but without data.

Optimal fluid strategies for treatment of severe DKA and neurologic compromise at 

presentation should continue to be investigated. More importantly, prompt recognition of 
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diabetes symptoms and initiation of management before the onset of DKA is imperative 

to prevent CE. Large-scale awareness campaigns have been effective in decreasing the 

incidence of DKA; however, the results have not been consistently replicated. Thus, it is 

important to design both national and community-level initiatives with widespread influence 

that target medical providers, teachers, and parents.161
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FIGURE 1. 
A hypothetical schema of the pathways that contribute to the development of cerebral injury 

in children with diabetic ketoacidosis. Solid arrows indicate pathophysiologic mechanisms 

that have been observed in humans. Dashed arrows represent hypothesized mechanisms or 

those that have only been shown in animal studies. The blue arrows signify factors that 

lead to cytotoxic injury, including upregulation of cytotoxic substances, altered membrane 

transporter activity, and hypoxic injury. The red arrows depict mechanisms that predispose 

towards vasogenic injury, characterized by the disruption of the blood–brain barrier. The 

green arrows denote treatment-related effects that may cause osmotic injury. A combination 

of these processes causes cerebral edema in high-risk children. †Factors associated with 

activation of Na-K-Cl cotransporter in astrocytes and endothelial cells. ‡Factors associated 

with activation of Na+/H+ exchanger in neurons. Abbreviations: DKA, diabetic ketoacidosis
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TABLE 1

Warning signs and symptoms of clinically apparent cerebral edema

Signs and symptoms
a

Progressively worsening headache or onset of headache after starting DKA treatment

Change in mental status (restlessness, irritability, drowsiness, confusion, incontinence)

Development of focal neurological signs (cranial nerve palsies, abnormal pupillary responses)

Recurrence of emesis

Slowing of heart rate (unrelated to sleep or volume resuscitation)

Rising blood pressure

Irregular respirations with or without hypoxia

Appearance of diabetes insipidus
b

Abbreviations: DKA, diabetic ketoacidosis.

a
Adapted from Wolfsdorf et al. (2018).

b
A late sign of cerebral herniation with interruption of blood flow to the pituitary gland, indicative of irreversible brain injury.
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TABLE 3

Current treatment guidelines for management of diabetic ketoacidosis

Treatment guidelines
a

Intravenous fluid 
therapy

• Initial volume resuscitation with 10–20 mL/kgof 0.9% saline over 30–60 min; additional boluses or faster infusion may 
be required to ensure adequate tissue perfusion
• Subsequent fluid therapy with 0.45% to 0.9% saline (or balanced salt solution), incorporating maintenance requirements 
and deficit replacement over 24–48 h
• Increase in sodium content of fluids is recommended if the measured serum sodium is low and does not rise 
appropriately as the blood glucose drops

Insulin therapy • Initiation of insulin infusion at 0.05–0.1 units/kg/h at least 1 h after starting fluid replacement therapy
• Avoidance of intravenous boluses of insulin

Bicarbonate 
therapy

• Reserved for life-threatening hyperkalemia and severe acidosis with concern for compromised cardiac contractility

a
Based on International Society for Pediatric and Adolescent Diabetes guidelines6 and a recent review on diabetic ketoacidosis.115
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TABLE 4

Possible molecular targets for treatment of cerebral edema

Proposed target Proposed therapeutic approach Evidence from studies

Na+/H+ exchanger Selective amiloride analogues47 In juvenile mice, associated with reduced cellular swelling and decreased water 
content during DKA therapy159–160

Na-K-Cl cotransporter Loop diuretic bumetanide In rats, associated with reduction of cytotoxic edema and prevention of 
reperfusion injury32–33–54

Ca-activated K channel Inhibitor TRAM-34 In juvenile rats, associated with reduced microglial activation and reactive 
gliosis during DKA
therapy85

Oxidative stress Antioxidant vitamins C and E44 No studies-to-date

NMDA receptor NMDA receptor antagonist No studies-to-date

Abbreviations: DKA, diabetic ketoacidosis; NMDA, N-methyl-D-aspartate.
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